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Recent developments have altered our view of molecular mechanisms that determine
sink strength, deﬁned here as the capacity of non-photosynthetic structures to compete
for import of photoassimilates. We review new ﬁndings from diverse systems, including
stems, seeds, ﬂowers, and fruits. An important advance has been the identiﬁcation of
new transporters and facilitators with major roles in the accumulation and equilibration
of sugars at a cellular level. Exactly where each exerts its effect varies among systems.
Sugarcane and sweet sorghum stems, for example, both accumulate high levels of
sucrose, but may do so via different paths. The distinction is central to strategies for
targeted manipulation of sink strength using transporter genes, and shows the importance
of system-speciﬁc analyses. Another major advance has been the identiﬁcation of deep
hypoxia as a feature of normal grain development.This means that molecular drivers of sink
strength in endosperm operate in very low oxygen levels, and under metabolic conditions
quite different than previously assumed. Successful enhancement of sink strength has
nonetheless been achieved in grains by up-regulating genes for starch biosynthesis.
Additionally, our understanding of sink strength is enhanced by awareness of the dual
roles played by invertases (INVs), not only in sucrose metabolism, but also in production
of the hexose sugar signals that regulate cell cycle and cell division programs. These
contributions of INV to cell expansion and division prove to be vital for establishment of
young sinks ranging fromﬂowers to fruit. Since INV genes are themselves sugar-responsive
“feast genes,” they can mediate a feed-forward enhancement of sink strength when
assimilates are abundant. Greater overall productivity and yield have thus been attained
in key instances, indicating that even broader enhancements may be achievable as we
discover the detailed molecular mechanisms that drive sink strength in diverse systems.
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INTRODUCTION
Whole-plant carbohydrate partitioning is the process by which the
products of atmospheric carbon dioxide assimilation are exported
from leaves through the veins to distant non-photosynthetic tis-
sues. Researchers aiming to improve crop yield have focused on
two key aspects of whole-plant carbohydrate partitioning: enhanc-
ing carbohydrate production in leaves (i.e., increasing source
capacity) and/or improving the utilization of photoassimilates by
sink organs (i.e., enhancing sink strength). Examples of strategies
to enhance carbohydrate production include attempts to increase
light interception either by increasing the number of leaves or
total leaf area, breeding for stay-green traits, and enhancing pho-
tosynthesis by improving the capacity of the plant to ﬁx carbon
(Sakamoto et al., 2006; Hammer et al., 2009; Zheng et al., 2009;
Zhu et al., 2010; Raines, 2011; Ruan et al., 2012a). In regards to
the strategy of enhancing sink strength, researchers are attempt-
ing to increase the number, size, and carbohydrate-storing activity
of sink organs (Ho, 1988; Marcelis, 1996; Herbers and Sonnewald,
1998; Smidansky et al., 2002). Sink strength has been deﬁned as
the competitive ability of a sink organ to import photoassimilates,
and depends on both its physical (size) and physiological (activity)
capabilities (Ho, 1988; Marcelis, 1996; Herbers and Sonnewald,
1998).
Carbon ﬁxation occurs in source leaves and is biochemically
driven by photosynthesis. The ﬁxed carbon, primarily in the
form of sucrose, moves from mesophyll cells into the phloem,
where it is transported long-distance through veins into sink tis-
sues. Carbohydrates assimilated during the day in excess of leaf
export capacity are transiently stored as starch in chloroplasts
and as sucrose in the vacuole, and then remobilized during the
night to continuously supply sink tissues (Rhoades and Carvalho,
1944; Kaiser and Heber, 1984; Smith and Stitt, 2007; Slewinski
et al., 2008; Eom et al., 2011). The imported carbon is then either
directed into immediate usage in metabolic processes important
for growth and development or stored inside sink organs (Gif-
ford and Evans, 1981). In source leaves, assimilated carbon can
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move into the phloem entirely through a symplastic (cytoplasmic)
path, or it may ﬁrst be exported to the apoplast (cell wall space)
surrounding the phloem, prior to being imported into phloem
companion cells and/or sieve elements (Lalonde et al., 2004; Braun
and Slewinski, 2009). In the symplastic pathway, transport of
sugar occurs cell-to-cell through plasmodesmatal connections,
passively ﬂowing down a concentration gradient. In contrast, in
the apoplastic path, the distribution of ﬁxed carbon can move
against a concentration gradient in an energy-dependent process.
In this case, sugar transporters import sugars from the phloem
apoplast across the cell membrane, resulting in its accumulation
to high levels in the cytoplasm (Turgeon, 2006; Ayre, 2011). Con-
sumption and storage of sugar can be controlled at various points
along the transport path. These regulatory points include phloem
unloading from vascular tissues into storage parenchyma cells,
compartmentation at the tonoplast of storage parenchyma cells,
and metabolism and/or storage within sink tissues (Patrick, 1997).
Additionally, diverse environmental factors can also affect sink
strength (Marcelis, 1996; Andersen, 2003; Aranjuelo et al., 2011).
In this review, we discuss recent ﬁndings related to the molec-
ular drivers of sink strength in stems, seeds, ﬂowers, and fruits.
For recent progress discussing source strength and phloem load-
ing in leaves, see Lalonde et al. (2004), Turgeon (2006), Sauer
(2007), Ma et al. (2008), Braun and Slewinski (2009), Kühn
and Grof (2010), Slewinski and Braun (2010), Ainsworth and
Bush (2011), Ayre (2011), Baker et al. (2012), Braun (2012), and
Chen et al. (2012).
THE STEM AS A STORAGE ORGAN
In plants, storage organs are structures that accumulate carbo-
hydrates derived from photosynthesis. They include fruits, seeds,
roots, and/or stems. An example of stem acting as a storage organ
is the potato (Solanum tuberosum) tuber, which is a modiﬁed stem
capable of storing large amounts of starch (Wiltshire and Cobb,
1996). Other examples are found in grasses, such as sweet sorghum
(Sorghum bicolor) and sugarcane (Saccharum ofﬁcinarum; Slewin-
ski, 2012). As members of the Panicoideae subfamily, both plants
are C4 species that can accumulate high concentrations of fer-
mentable sugars, mainly sucrose, in their stems. Because of the
high stem sucrose contents, both plants are models for strong
stem sinks, and are being used for the production of ethanol as
a biofuel (Waclawovsky et al., 2010; Calviño and Messing, 2012).
These plants will be the focus of the ﬁrst part of the review.
In both sweet sorghum and sugarcane, photoassimilates are
ﬁrst used for plant growth and development during early vege-
tative stages. Afterward, when the internodes (the sections of the
stem between two nodes) have elongated, stems transition to sugar
storage organs, where most of the accumulated carbon is stored as
sucrose (Hoffmann-Thoma et al., 1996; Lingle, 1999; Almodares
et al., 2008; Almodares and Hadi, 2009; Calviño and Messing,
2012; Slewinski, 2012). It has been proposed that stored sugars
in the stem are used to buffer photoassimilate supply to the grains
during plant growth and development. Both sweet sorghum and
sugarcane stems exhibit a developmentally progressive increase in
sucrose content in which they accumulate higher concentrations
of sucrose in more mature internodes (i.e., lower down the stem)
compared to younger ones (i.e., upper; Batta and Singh, 1986;
Hoffmann-Thoma et al., 1996; McCormick et al., 2006; Tarpley
and Vietor, 2007; Slewinski, 2012).
Even though sweet sorghum and sugarcane are closely related
and both accumulate large amounts of sucrose in their stems,
there are similarities and differences in regards to their sucrose
accumulation. In both cases, there is a developmental decrease
in the activity of sucrose metabolizing enzymes, particularly acid
invertases (INV) as stem elongation nears completion (Ruan et al.,
2010). Later, however, the radial transfer of sucrose from the
phloem into the storage cells of the mature internodes may fol-
low a different path in these two grasses (see below). Evidence
indicates the presence of distinctive mechanisms and the possi-
ble involvement of different molecular and physiological drivers
underpinning the accumulation of high levels of sucrose in sweet
sorghum and sugarcane stems.
Sweet sorghum cultivars brought to the United States, mainly
from China andAfrica, were subject to selection and improvement
for disease resistance, high stem sugar content, stalk erectness, and
biomass accumulation (Reddy et al., 2005; Rooney et al., 2007).
Because of this selection-based bottleneck effect, little variation
is found within cultivated sweet sorghum varieties, especially in
terms of stem sugar composition (Ali et al., 2008; Murray et al.,
2009). Likewise, since the major focus in sugarcane improvement
programs has been to increase stem sugar content, the genetic
variation related to this trait in germplasm collections used in
breeding programs is also limited (Aitken et al., 2008; Creste et al.,
2010; Mancini et al., 2012). However, despite this narrow genetic
variation in the sweet sorghum and sugarcane germplasms, the
presence of subgroups with different sugar contents has been
reported in each species. Two groups of sweet sorghum have been
identiﬁed using simple sequence repeats (SSRs) markers: group IX
with high sugar content and group VII with low sugar yield (Ali
et al., 2008). Additionally, Murray et al. (2009) used both SSR and
single nucleotide polymorphism (SNP) markers to genotype 125
cultivars of sorghum, and classiﬁed the sweet sorghum varieties
into three major groups based on differing stem sugar contents.
Similarly, using ampliﬁed fragment length polymorphism (AFLP)
and SSR markers, two types of sweet sorghum with different brix
content (a measure of the level of solutes in stem juice) were
detected in a germplasm collection in Mexico (Pecina-Quintero
et al., 2012). Likewise, differences were observed in sugar compo-
sition and content from eight sugarcane varieties, including four
commercial cultivars (Tai andMiller, 2002). These ﬁndings suggest
that genetic differences exist in the control of sink strength within
each species, which should be considered when investigating the
molecular drivers of sugar accumulation.
SUGAR TRANSPORT AND UNLOADING INTO STEM PARENCHYMA
CELLS
Transport path
Sugarcane and sweet sorghum may differ in their strategies for
accumulating high levels of sucrose in their stems. In maturing
sugarcane stems, sucrose transport follows a predominantly sym-
plastic pathway when moving from the phloem into the storage
parenchyma cells (Figure 1A; Lingle, 1989; Moore and Cosgrove,
1991; Rae et al., 2005; Patrick et al., 2013). This is supported by
evidence that the sap collected from the xylem of sugarcane stems,
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FIGURE 1 | Models for sucrose movement in sugarcane and sweet
sorghum stems. (A) In mature sugarcane stems, sucrose (orange circles)
moves symplastically cell-to-cell (green arrows) through plasmodesmata
(black rectangles) from the phloem sieve element (SE) to the stem
parenchyma cell (SPC). In the SPC, some of the sucrose is stored in the
vacuole (purple circle), and some is released to the apoplast (purple arrows)
to increase the sink strength and sucrose storage capacity of the tissue.
Sucrose in the SPC apoplast is prevented from diffusing back into the phloem
apoplast by the suberized and ligniﬁed cell wall (thick red outline) of the
mestome sheath cells (MS). (B) In immature sorghum stems, sucrose
follows a symplastic path from the SE to the SPC cells. This tissue is
actively growing and not storing much sucrose. (C) In ripening sorghum
stems, sucrose movement from the SE to the SPC includes an apoplastic
step. The suberized and ligniﬁed cell wall of the MS cell necessitates
that the sucrose efﬂux must occur from either the MS or the bundle
sheath cell (BS, not shown). Import could occur in either the BS or in
the SPC (not shown). For simplicity, sucrose efﬂux and import are shown
at the MS–BS interface by the shaded blue rectangle and blue arrow. The
majority of the stored sucrose is intracellular. PP, phloem parenchyma
cell.
which is contiguous with the phloem apoplast, contains virtually
no sucrose (Welbaum et al., 1992), and by the observation that
a ﬂuorescent dye loaded into leaves is unloaded from the stem
phloem and able to move symplastically through plasmodesmata
to the stem parenchyma cells (Rae et al., 2005). In the stem, as
sucrose begins to accumulate, some of it is efﬂuxed to the apoplast
of stem parenchyma cells by turgor-driven homeostatic leakage,
and the apoplastic sucrose concentration can reach approximately
400–700 mM (Welbaum and Meinzer, 1990; Moore and Cosgrove,
1991; Welbaum et al., 1992; Patrick et al., 2013). Sucrose accumu-
lation in the stem parenchyma cell apoplast serves as an additional
storage compartment and increases sink strength. At maturity,
when sucrose accumulates to very high levels in the stem apoplast,
sucrose backﬂow into the phloem is prevented by the ligniﬁed and
suberized cell walls of the inner, mestome sheath (a ring of thick-
walled cells that surrounds the vein internally to the bundle sheath
cells; Welbaum et al., 1992; Rae et al., 2005; Walsh et al., 2005;
Patrick et al., 2013). This structural adaptation is also present in
sorghum (Artschwager, 1948) and presumably functions to isolate
the parenchyma cell apoplast from the phloem apoplast.
Sucrose movement in sorghum initially follows a symplastic
path into the growing internode (Figure 1B), but is reported
to later include an apoplastic path during internode ripening
(Figure 1C; Tarpley et al., 1996; Tarpley and Vietor, 2007). This
model is based upon the speciﬁc activity of stem-infused radi-
olabeled sucrose recovered from growing axillary branches vs.
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ripening internodes. Additional support for this scenario using
alternative approaches, such as determining whether the sucrose
transporters implicated in apoplastic transport (see below) are
required to import sucrose across the plasma membrane of the
stem parenchyma cells, is needed. Approximately 80–90% of
the sugar in sorghum stem internodes accumulates intracellularly
within the parenchyma cells, and only 10–20% of the sugar accu-
mulates in the stem apoplast (Tarpley and Vietor, 2007). The ﬁve-
to ten-fold difference in sucrose levels between the symplast and
apoplast of stem parenchyma cells suggests that the mechanisms
of sorghum and sugarcane sucrose storage may be distinct. How-
ever, two caveats to this model need to be considered. First, the
differences reported in intracellular vs. apoplastic sucrose con-
centrations were measured using two grain sorghum lines rather
than sweet sorghum materials, and therefore, genetic differences
between these sorghum types could explain the observed dif-
ferences from sugarcane. Second, it is possible that sorghum
uses a similar mechanism of turgor-driven sucrose leakage to the
apoplast in mature stem parenchyma cells. In their study, Tarpley
and Vietor (2007) used ripening internodes for their measure-
ments of sucrose compartmentation, which could reﬂect that the
storage cells had not reached their maximal capacity and not yet
efﬂuxed sucrose to its ﬁnal concentration in the apoplast. In sup-
port of this hypothesis, a previous analyses of sugar content using
the same stem-infusion technique in two other sorghum varieties,
comparing plants at the grain ﬁlling stage to those 2 weeks after
grain maturity, showed that sucrose levels continued to increase
in the apoplast free space compared to the intracellular compart-
ment (Tarpley et al., 1996). Hence, the symplastic and apoplastic
sucrose contents in sorghum stems at ﬁnal maturity may not be
as different from what was found for sugarcane. Further work is
necessary to characterize the transport path and compartmenta-
tion of sucrose in sweet sorghum and to determine if it utilizes a
different mechanism than sugarcane.
Sugar transporters
In sweet sorghum, biochemical studies have shown that sucrose
must cross the plasma membrane and tonoplast for storage in
the stem parenchyma cells, indicating the involvement of sugar
transporters (Hoffmann-Thoma et al., 1996). Sucrose transporters
(SUTs) are H+/sucrose symporters and are the most-studied class
of transporters capable of translocating sucrose across a mem-
brane (Lalonde et al., 2004; Sauer, 2007; Braun and Slewinski,
2009; Kühn and Grof, 2010; Ainsworth and Bush, 2011; Ayre,
2011). In the sorghum genome, there are six SUTs (SUT1–6)
that have been proposed to encode proteins located in the plasma
membrane and/or tonoplast (Braun and Slewinski, 2009).
The hypothesis that transporters are involved in high sucrose
accumulationwas recently examined in sweet sorghum. Transcrip-
tional analyses revealed that SUT mRNAs, speciﬁcally SUT1 and
SUT4, correlate with high sugar content in sweet sorghum stems
when compared to grain sorghum stems (Qazi et al., 2012). Still,
the exact roles of SUTs in sucrose accumulation in stem sink tis-
sues remain undeﬁned. In maize, SUT1 was found to be expressed
in stems (Aoki et al., 1999); however, its function in stem tissues is
unknown as it has only been shown to function in sucrose load-
ing into the phloem in leaves (Slewinski et al., 2009, 2010). In
sugarcane, using a peptide antibody raised against the orthologous
SUT1 protein (ShSUT1), Rae et al. (2005) found that ShSUT1 was
expressed in the mestome sheath and vascular parenchyma cells in
stem and leaf tissues, suggesting SUT1 has non-phloem-loading
functions in this species. The authors proposed a role for ShSUT1
in retrieving sucrose from the apoplast as a biochemical barrier
to maintain the sucrose gradient between the phloem and stem
storage parenchyma cells. Thus, it is possible that the SUT1 RNA
expression detected in sweet sorghum stems (Qazi et al., 2012)
reﬂects a similar role to the closely related ShSUT1. More work is
needed to determine the function of SUT genes in stem sucrose
partitioning.
Recently, other sugar transporter proteins, such as SWEETs
and tonoplast monosaccharide transporters (TMTs), were shown
to transport sucrose across membranes (Wingenter et al., 2010;
Chen et al., 2012). However, the roles of these additional sucrose
transporters in facilitating sucrose transfer into the stem have not
been characterized (Ayre, 2011; Slewinski, 2011, 2012; Baker et al.,
2012; Braun, 2012; Chen et al., 2012).
SUGAR METABOLISM AND STORAGE IN THE STEM
Sucrose metabolism and storage processes in sink cells represent
an important determinant of stem sink strength. During initial
expansion of sweet sorghum and sugarcane stems, INVs con-
tribute to sink strength and stem size. However, later, sucrose is
stored in the large vacuoles of stem parenchyma cells. Very little of
this stored sucrose is hydrolyzed during its transfer into the ripen-
ing stem (Lingle, 1989; Tarpley et al., 1996; Tarpley and Vietor,
2007). Further, after the stems have matured and elongation has
ceased, these tissues show low metabolic activity (Tarpley et al.,
1996), prompting the question as to whether sucrose metabolism
remains an important driver of sink strength in maturing sweet
sorghum and sugarcane stem tissues.
Several key enzymes involved in sucrose metabolism are INV,
sucrose synthase (SUS), sucrose phosphate synthase (SPS), and
sucrose phosphate phosphatase (SPP). INV enzymes catalyze the
cleavage of sucrose into glucose and fructose, and various types of
INV enzymes are found in plants and function in different loca-
tions, including the cell wall, vacuole, and the cytoplasm (Ruan
et al., 2010; Vargas and Salerno, 2010; Patrick et al., 2013). SUS
is another enzyme that cleaves sucrose into fructose and UDP-
glucose in a reversible reaction (Winter and Huber, 2000; Patrick
et al., 2013). Finally, SPS and SPP play an important role in sucrose
synthesis in the cell. In the cytosol, SPS and SPP are jointly respon-
sible for the irreversible synthesis of sucrose from UDP-glucose
and fructose-6-phosphate (Lunn and MacRae, 2003).
Compared to sweet sorghum, grain sorghum accumulates little
sucrose in the stem, and most of the carbohydrates produced are
directed toward storage in seeds (Tarpley et al., 1994; Calviño and
Messing, 2012; Qazi et al., 2012). This contrast suggests that sink
strength differs in the seeds and stems between the two varieties.
By examining sugar accumulation and storage in three cultivars
of sweet sorghum, Hoffmann-Thoma et al. (1996) ascribed neg-
ligible roles for the three key sucrose metabolizing enzymes SUS,
SPS, and INV. Similarly, Qazi et al. (2012) compared sugar accu-
mulation between a sweet and a grain sorghum variety at three
developmental stages in both the upper and lower internodes.
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They found that variety, stage, and internode position contributed
to differences seen in sugar content. However, differences were not
detected in the activities of SUS, SPS, and INV between the two
varieties, indicating these enzymes are not likely to be primary
contributors to the variation observed in stem sugar content.
In the sugarcane stem, sucrose accumulation has been linked
to the differential RNA or protein expression or localization of
enzymes involved in sucrose metabolism (Schafer et al., 2004; Grof
et al., 2006). However, because of the complexities of stem tis-
sues being composed of multiple cell types and the developmental
progression in stem sucrose accumulation, correlations between
expression and function may not always be evident. Nonethe-
less, in some cases, the activities of sucrose metabolizing enzymes
are thought to regulate sucrose levels in sink tissues (Zhu et al.,
1997; Botha and Black, 2000; Koch, 2004; Grof et al., 2007). For
instance, soluble acid INV activity is low during maturation in
varieties that store high levels of sugar (Zhu et al., 1997). Mean-
while, at least three SUS isoforms are present in sugarcane, and
sucrose synthesis is correlated with SUS activity. In addition, the
ratio of sucrose synthesis to breakdown is higher in mature intern-
odes, and researchers have suggested that different isoforms of
SUS are expressed in young internodes compared to mature ones
(Schafer et al., 2004). A positive relationship between SPS activity
and sucrose accumulation has also been demonstrated in sugar-
cane (Botha and Black, 2000; Grof et al., 2007). However, studies
using enzyme activity and isotope tracers have demonstrated that
sucrose can be transferred from phloem tissues into the vacuoles
of storage parenchyma cells without being catabolized and then
resynthesized in the stem (Lingle, 1989). Collectively, these data
suggest that the enzymes involved in sucrose metabolism likely
play a minor role in sucrose storage by the maturing stem and are
unlikely to be major drivers of stem sink strength at later stages of
development in sugarcane.
It thus appears that additional processes besides sucrosemetab-
olizing enzymes may be important contributors to the high level
of sucrose accumulation in sugarcane stems. In the case of
sorghum, where quantitative trait loci (QTL) mapping is possi-
ble, researchers have identiﬁed genomic regions related to sucrose
accumulation in the stem (Murray et al., 2008a,b; Ritter et al.,
2008). However, the genes underlying these QTLs have yet to
be identiﬁed. Transcriptional proﬁling experiments to character-
ize gene expression changes between stem tissues of sweet and
grain sorghum have also been conducted (Calviño et al., 2009).
The researchers identiﬁed several intriguing candidate genes that
correlate with high sucrose content in sweet sorghum, but follow
up studies to demonstrate causality have not been reported. The
identiﬁcation of genes that positively regulate sucrose content in
grass stems is a high priority for biotechnological approaches to
improving biomass feedstocks for biofuels production.
APPROACHES TOWARD INCREASING STEM SINK STRENGTH
Because of the importance of sucrose stored in the stem for both
food and biofuel production, increasing its concentration in stem
storage parenchyma cells is a major research objective. There are
a number of avenues that researchers could target in order to
improve stem sink strength. In addition to selecting sweeter vari-
eties (reﬂecting higher content of sugar in the stem), one approach
is to increase stem size, which would mirror an increase in cell
number and/or an increase in individual cell expansion. Moreover,
there is the potential to increase surface/unloading area for sug-
ars into stem storage parenchyma cells. This is the theory behind
breeding efforts that have targeted and successfully led to thicker
stems, higher stem juice volume, and increased sucrose concen-
tration in the internodes of both sugarcane and sweet sorghum
(Glassop et al., 2007; Slewinski, 2012; Patrick et al., 2013).
Another approach to increasing sucrose content in stems is
by reducing the sink strength of other organs (e.g., grains) and
thereby reducing competition for photoassimilates. This approach
could be signiﬁcant because competition among sink organs is
known to be higher when supply is limited (Marcelis, 1996; Ander-
sen, 2003). Breeding efforts have led to the generation of sweet
sorghum varieties with larger stems and reduced panicle size.
However, other sorghum lines have been reported to have high
stem sugar concentration and still maintain seed yields compara-
ble to those of grain sorghum (Qazi et al., 2012). At the opposite
extreme, enhanced sink strength was engineered by removing all
but one of the source leaves from sugarcane plants. This manip-
ulation of the sink/source ratio in sugarcane provided evidence
for source limitation under high sink demand (McCormick et al.,
2006). These data also demonstrated active communication and
inﬂuence on source activity by sinks tissues, namely, photosyn-
thetic rate increased in the one remaining source leaf to provide
sufﬁcient photoassimilates to meet sink demands. Hence, sup-
ply and demand equilibrium is important to overall productivity;
therefore, targeting one aspect alone might not lead to increased
sugar content (McCormick et al., 2009). Thus, there is a great
need to study the control of carbon ﬂux in stems, the functions
of the genes responsible, and also to determine the limiting fac-
tors/enzymes that can be targeted for manipulation in order to
achieve the goal of enhancing endogenous sugar content in stem
tissues.
Along these lines, caution is warranted when using a transgenic
approach to improve stem sugar content by targeting a sucrose
metabolizing enzyme, since these efforts have not yet met with
envisioned success. Down-regulation of neutral INV in transgenic
sugarcane resulted in increased concentrations of stored sucrose
and reduced respiration; however, there was a severe negative
effect on the overall plant vigor (Rossouw et al., 2010). Further,
there was no increase in sucrose levels by constitutively expressing
a SPS gene in sugarcane (Vickers et al., 2005). This may suggest
that SPP was limiting and that both enzymes need to be coordi-
nately up-regulated to achieve increases in sucrose content. Still,
recent breakthroughs have been attained by manipulating sugar
levels in sugarcane stems through transgenic approaches. Sug-
arcane expressing a sucrose isomerase enzyme in stem vacuoles
resulted in plants with “near-complete” conversion of sucrose in
mature internodes and production of novel metabolites (Wu and
Birch, 2007, 2010), although some of the sugar increases attained
in greenhouse conditions were not realized in the ﬁeld (Basnayake
et al., 2012; Patrick et al., 2013).
Another possible approach is the manipulation of sucrose
transporters, such as SUTs or SWEETs, which could lead to an
enhanced sucrose ﬂow from phloem tissues into stem storage cells,
particularly in sweet sorghum (Figure 1C). However, because
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of the limited data on the function of the known transporters
(Braun and Slewinski, 2009),morework is needed before targeting
these membrane proteins for genetic improvement in sugarcane
or sweet sorghum. For example, the heterologous overexpres-
sion of a spinach (Spinacia oleracea) SUT in potato resulted in
tubers with increased sugar content and reduced amino acid lev-
els, but yielded tubers with very minimal changes in the starch
content and biomass (Leggewie et al., 2003). Further, as SWEET
genes have been identiﬁed as the targets of microbial pathogens
to obtain sugars from plants (Chu et al., 2006; Yang et al., 2006;
Chen et al., 2010; Baker et al., 2012; Yuan and Wang, 2013), novel
strategies will need to be employed in targeting these genes for
genetic engineering to avoid creating highly susceptible crops
(Li et al., 2012). As another potential approach for genetic engi-
neering, SUTs have been reported to be regulated by protein
phosphorylation (Ransom-Hodgkins et al., 2003; Niittyla et al.,
2007). Unfortunately, the responsible protein kinases and protein
phosphatases are still unknown. In a different approach, overex-
pression of TMT1 in Arabidopsis thaliana resulted in plants with
increased activity in photosynthesis-related genes, decreased sugar
use for respiration, and increased capacity for sugar export from
source leaves (Wingenter et al., 2010). Hence, TMT1 may repre-
sent an attractive molecular target. To our knowledge, the strategy
of manipulating the functions of sucrose transporters using trans-
genic approaches in crops that accumulate sucrose in their stems,
such as sugarcane and sweet sorghum, has not been reported.
Because of the economic importance of stored sucrose in the
stem, increasing its yield presents a valuable target for plant
biotechnologists. However, as indicated above, stem sucrose
improvement using transgenic approaches is very challenging. A
successful and highly efﬁcient transformation protocol for sweet
sorghum is yet to be designed, and in the case of sugarcane, trans-
formation is difﬁcult due to the high rate of gene silencing (Mudge
et al., 2009; Merwe et al., 2010). Signiﬁcant improvement of sug-
arcane have been reached using conventional breeding, but this is
challenging due to its complex polyploid genome (Waclawovsky
et al., 2010). Nevertheless, there is potential to increase sugar lev-
els in the stem through metabolic engineering, but we need to
expand our understanding of plant sugar metabolism and trans-
port before undertaking such an effort (Patrick et al., 2013). The
tantalizing possibility of further improving sweet sorghum and
sugarcane stem sucrose content is at hand if we can understand
the mechanisms that regulate stem sink strength.
MOLECULAR CONTRIBUTORS TO STRONG SINK STRENGTH
IN GRAINS
The maize kernel during starch-deposition has long been a system
of focus for analysis of carbon movement into grains (Sabelli and
Larkins, 2009). A classical model for kernel sink strength is out-
lined by the Shannon hypothesis for cleavage and resynthesis of
sucrose entering the maize endosperm (Figure 2; Shannon, 1972).
In this scenario, sucrose is metabolized by a combination of cell
wall and vacuolar INVs in the phloem-unloading zone, and resyn-
thesized in the endosperm prior to starch biosynthesis (Shannon,
1972; Shannon and Dougherty, 1972; Felker and Shannon, 1980).
The model is supported by diverse lines of evidence extending
from radiotracer studies (Shannon, 1972; Felker and Shannon,
1980), to enzyme activity (Shannon and Dougherty, 1972; Im,
2004; Koch, 2004), mRNA levels (Koch, 1996; Xu et al., 1996),
mutant phenotypes (Vilhar et al., 2002; Keeling and Myers, 2010),
and environmental perturbations (Andersen et al.,2002; Setter and
Parra, 2010). A prominent role for INV in basal regions of the ker-
nel is consistent with proposed advantages to phloem unloading
that would enhance overall turgor gradients and pressure-driven
movement of sucrose in the phloem (Turgeon, 2010). INV action
in this zone has also been proposed to enhance sugar signals
important to establishment of young sinks (see below). Although
sucrose cleavage is not required for sucrose entry into the devel-
oping endosperm (Schmalstig and Hitz, 1987), INV clearly has
a major role in the initial metabolism and signaling of sugars
entering kernels (Koch, 2004; Ruan et al., 2010; Aoki et al., 2012).
The path of sucrose transfer and metabolism in kernels and
other grains has thus emerged as a central feature of their sink
strength. Disruptions to any of the steps involved can have major
consequences for the capacity to import and use sucrose. Figure 2
diagrams a current view of maize kernel sink strength. Evidence
for each of their roles includes a range of genetic, transgenic, and
environmental alterations, beginning with decreases in activities
of the sucrose-metabolizing vacuolar INV (Andersen et al., 2002)
and cell wall INV (Vilhar et al., 2002) that severely curtail ker-
nel development. Neutral INV involvement has been enigmatic
(Huang et al., 1992). Overall assimilate import is also reduced by
disruptions to the second path of sucrose cleavage mediated by
the reversible SUS reaction (Koch, 2004; Aoki et al., 2012). Sucrose
resynthesis in endosperm is well-documented (Shannon, 1972;
Hennen-Bierwagen and Myers, 2013), and evidence supports con-
tributions by SPS and SPP to sink strength of grains (Im, 2004;
Sharma et al., 2010) and other fruits (Nguyen-Quoc et al., 1999).
Final storage products are the ultimate sinks, and numerous
mutations to genes for starch biosynthesis show that this process
affects not only the composition of grains and kernels, but also
their sink strength (Creech, 1965; Hennen-Bierwagen and Myers,
2013). In rice (Oryza sativa), starch biosynthesis is suppressed and
amylopectin structure altered if a negative regulator of starch syn-
thesis,Rice Starch Regulator1 (RSR1), is overexpressed. Conversely,
when RSR1 is down-regulated, starch production increases, seed
size rises, and overall yield is also greater (Fu and Xue, 2010).
Disruption to starch biosynthesis typically elevates sugar levels
[as in sweet corn (Creech, 1965; Hennen-Bierwagen and Myers,
2013)], which has far-reaching effects on sugar signals to other
metabolic and developmental programs (Koch, 1996, 2004; Ruan
et al., 2010; Aoki et al., 2012). Genetic analyses of such mutants
in barley (Hordeum vulgare), for example, revealed that alteration
of ADP-glucose pyrophosphorylase (AGPase) was accompanied
by co-regulation of multiple genes for starch biosynthesis, gly-
colysis, amino acid storage, and sugar/ABA sensing (Faix et al.,
2012). In this way, reduced ﬂux into starch biosynthesis led to
induction of mechanisms for decreasing sugar accumulation (and
accompanying potential for oxidative stress; Faix et al., 2012).
Minimally understood, but potentially inﬂuential components
of the post-phloem path into kernels are transporters and efﬂux
constituents (Braun, 2012; Patrick et al., 2013). Their involvement
is implicated by apoplastic steps of post-phloem transfer in maize
kernels, but symplastic roles of these transporters can also include
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FIGURE 2 | Maize kernel sink strength during grain fill.The left panel
shows a fresh, longitudinal view of a maize kernel during active starch
deposition in the upper endosperm and lower pericarp (12 days after
pollination). The path of assimilate entry into endosperm or embryo includes
mandatory movement through the cell wall space (apoplast), because these
tissues are physically isolated from the maternal structures around them by a
lack of plasmodesmatal (symplastic) continuity. The right panel diagrams
major contributors to sink strength relative to sites of their spatial distribution
in kernels at this stage. The original Shannon hypothesis is shown in red, with
updates in black. Maternal tissues are shown in yellow to emphasize the role
of apoplastic transfer. Sucrose (SUC) is ﬁrst cleaved by vacuolar and cell wall
invertases (INV) operating in the pedicel, the placenta-chalaza, and especially
by cell wall INV in the basal endosperm transfer layer (BETL). Updates to the
ﬁrst portion of this classical path include continual inﬂux and efﬂux from
maternal cells (via transporters and efﬂuxers), and a prominent role for
transient starch reserves in maternal tissues (especially the lower pericarp).
Assimilates next enter the endosperm across the BETL primarily as hexoses,
glucose (G) and fructose (F), but also as SUC. SUC is also resynthesized in
basal portions of the endosperm by sucrose phosphate synthase (SPS), and
transported to upper regions of the endosperm. Recent evidence shows
extremely low oxygen levels in endosperm, which can affect several aspects
of kernel sink strength. These include a limitation to metabolism of stored
assimilates, advantages of sucrose resynthesis and cleavage by sucrose
synthase [SUS (typically cleaving sucrose in vivo)], and cycling of sorbitol as a
mechanism of redox balance under deep hypoxia. UDPG,
uridine-di-phosphoglucose.
vesicle-based transfer processes (Echeverría, 2000; Lalonde et al.,
2004), transient storage by vacuoles (Eom et al., 2011), cellular
efﬂux (Lalonde et al., 2004; Chen et al., 2010, 2012; Baker et al.,
2012; Braun, 2012), or action as sensors (Kang and Turano, 2003;
Lalonde et al., 2004; Slewinski, 2011; Aoki et al., 2012; Price et al.,
2012). In maize kernels, prominent contributions are indicated
for both sucrose and hexose transporters (Aoki et al., 2012), and
the importance of SWEET-mediated efﬂux to diverse sinks (Chen
et al., 2010, 2012), led to suggested roles in efﬂux to seeds (Braun,
2012). Maize SWEETs include paralogs expressed most promi-
nently in the basal endosperm transfer layer (BETL; Xiong et al.,
2011).
Other potential determinants of sink strength in kernels include
not only genes for diverse aspects of both carbon and nitrogen
metabolism (Koch, 1997; Coruzzi and Bush, 2001; Uribelarrea
et al., 2004; Seebauer et al., 2010) but also those affecting cell wall
biosynthesis and expansion (Shevell et al., 2000; Lizana et al., 2010;
Manavski et al., 2012; Liu et al., 2013). Although starch is a promi-
nent end-product of assimilates imported into maize kernels, so
too is the oil stored in the embryo scutellum (Rolletschek et al.,
2005; Shen et al., 2010). Embryo size, its oil content, and carbon
partitioning between embryo and endosperm can all be altered at
the genetic level in maize (Shen et al., 2010; Yang et al., 2010). Oil
biosynthesis and deposition can thus be a signiﬁcant contributor
to strong sink strength in maize kernels. The role of nitrogen in
carbon sink strengthof kernelsmaybemore complex, since forma-
tion of storage proteins can vary in its relation to starch deposition
(Singletary et al., 1990; Kang and Turano, 2003; Uribelarrea et al.,
2004; Wang et al., 2011). An interface between carbon/nitrogen
import is also evident at other levels, including amino acid sensing
(Kang and Turano, 2003; Seebauer et al., 2004, 2010), often recip-
rocal responses to carbon and nitrogen abundance by individual
genes (Koch, 1997), limitations to capacity for carbon import in
female ﬂorets of nitrogen-deﬁcient plants (Peng et al., 2012), and
a range of nitrogen effects on kernel sinks (Singletary et al., 1990;
Uribelarrea et al., 2004).
A previously unexpected role of low oxygen has emerged for
sink strength of maize endosperm, which normally has very low
oxygen levels (Rolletschek et al., 2005). Deep hypoxia appears to
be a common feature of starch-storing endosperms such as that of
barley (Rolletschek et al., 2011), but not of the adjacent embryos
(Rolletschek et al., 2005). If this deep hypoxia is indeed character-
istic of diverse grain endosperms, then deposition of starch and
protein in the world’s major grain crops is likely to occur in a very
different endogenous environment than was recognized earlier.
Although the outermost endosperm cells are partially oxygenated
www.frontiersin.org June 2013 | Volume 4 | Article 177 | 7
“fpls-04-00177” — 2013/6/2 — 13:45 — page 8 — #8
Bihmidine et al. Molecular drivers of sink strength
in smaller grains (Rolletschek et al., 2011), oxygen levels drop
to limits of detection immediately inside the pericarp of maize
kernels (Rolletschek et al., 2005). Metabolite analyses and model-
ing studies of kernels concurwithpredicted, lowoxygen alterations
to glycolysis, redox status, and other effectors of sink strength
(Koch et al., 2000; Méchin et al., 2004; Rolletschek et al., 2005;
Grafahrend-Belau et al., 2009; Rolletschek et al., 2011). Implica-
tions extend to pyrophosphate (PPi) cycling, and its potential role
in balancing starch deposition with glycolytic rate. In a low oxygen
endosperm,ATP limitationswould favor PPi-driven glycolysis [via
PPi-phosphofructokinase (Huber and Akazawa, 1986; Zeng et al.,
1998; Koch, 2004)], and this demand for PPi (together with that
of UDP-glucose pyrophosphorylase) could be met and balanced
by the PPi produced during starch biosynthesis by AGPase. Deep
hypoxia in endosperm, rather than being a stress, may thus be
advantageous to starch biosynthesis and ultimate sink strength.
Sink strength of newly forming kernels is determined differ-
ently (Figure 3), and can affect which will abort and which will
not. The ﬁrst third of kernel development is vital to establish-
ment of kernel number, since this is the period when maternal
“decisions” are made regarding seed-sink load (Setter and Parra,
2010). Until this stage, a young maize grain is largely maternal
tissues (nucellus and pericarp) that import sucrose by mecha-
nisms distinct from those of more mature grains (endosperm
and embryo; Sabelli and Larkins, 2009; Aoki et al., 2012). These
maternal cells of young maize kernels and other grains are sym-
plastically continuous, actively dividing, and rapidly expanding,
yet imported assimilates move into both the apoplast and sym-
plast of pre-pollination ovaries (Sabelli and Larkins, 2009; Aoki
et al., 2012; Tang and Boyer, 2013). Both vacuolar and cell wall
INVs are prominent in provision of hexoses in these organs, not
only for downstream carbon metabolism, but also for the hexose-
based sugar signals important to up-regulation of sink strength
in young organs (Andersen et al., 2002; Koch, 2004; Ruan et al.,
2010). Effects include genes for sucrose import, cell cycle regu-
lation, and establishment of new sinks (Koch, 2004; Ruan et al.,
2010). Many of the mutations responsible for the most devastat-
ing kernel phenotypes are ones that alter sink strength at this early
stage of development, through disruption of carbon use in respi-
ration (Manavski et al., 2012; Liu et al., 2013), cell wall biosynthesis
(Shevell et al., 2000), or sugar signals to other genes (Koch, 2004;
Ruan et al., 2010; Aoki et al., 2012).
Molecular features of strong sinks in small-grain pooid species
may well differ, due to the distinctive features of this group com-
pared to the panicoids. The panicoids (e.g., maize, sugarcane, and
sorghum) typically use C4 photosynthesis and have a maize-type
grain structure, whereas the pooids [e.g., rice, wheat (Triticum aes-
tivum), and barley] are C3 species with a rice-type grain structure.
Although not universal, overall source–sink relations in pooids
often show a trade-off between seed size and seed number that
implies a source-limited system (Acreche and Slafer, 2006). The
same appears less evident for C4 panicoids such as maize, however,
which are typically large, with high capacities for carbon assimi-
lation (Borrás et al., 2004; McCormick et al., 2009). The panicoid
and pooid grain structures also differ (Hands et al., 2012), and
studies of assimilate entry into them are consistent with different
contributions by key determinants of sink strength (Rolletschek
et al., 2005, 2011; Aoki et al., 2012).
MOLECULAR BASIS FOR STRONG SINK STRENGTH IN OTHER
FRUITS, SEEDS, AND FLOWERS
The biosynthesis and regulation of cell walls may be central
to strong sinks in many organs. Young structures in particu-
lar, often have high rates of cell division (Boisnard-Lorig et al.,
2001) that involve signiﬁcant allocation of carbon to biosynthe-
sis of new cell walls. Later, during cell expansion, sink strength
FIGURE 3 | Maize kernel sink strength in young, abortion-sensitive
ovaries.The left panel shows a fresh, longitudinal view of a maize kernel at
eight days after pollination, when maternal tissues predominate in this sink
structure. Note the importance of the nucellus and expanding pericarp (fruit
wall). The right panel diagrams major contributors to sink strength relative to
their spatial distribution. Maternal tissues are shown in yellow to emphasize
their dominant role in sink strength, and control over abortion and kernel set
at this stage. Like the more mature kernels, sucrose (SUC) in young ovaries is
ﬁrst cleaved by vacuolar and cell wall invertases (INVs) in the pedicel and the
placenta-chalaza, and to some extent the newly forming basal endosperm
transfer layer. Updates have indicated that collective effects of these
INVs are most pronounced in very young kernels, where the hexoses
have signaling roles in the cell cycle, cell division, and cell number that
markedly enhance ultimate sink strength. Another component of
young-kernel sink strength is transient maternal starch, thought to aid
maintenance of non-aborting kernels. In addition, continuous efﬂux
and inﬂux of sugars occur throughout maternal tissues, even prior to
pollination, highlighting the roles for transporters and efﬂuxers during
early development of sink strength in maize kernels. G, glucose; F,
fructose.
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can also be affected by regulation of cell wall properties, such as
the combined relaxation and new synthesis that facilitate turgor-
driven expansion (Cosgrove, 2005). This aspect of sink strength
can be especially important for accommodating phloem water
in minimally transpiring sink organs. Cell wall loosening sig-
nals and enzymes can thus be critical to a tissue’s sink strength.
Various cell wall enzymes and proteins have been implicated in
the loosening that occurs during cell growth, including expansins
(Fleming et al., 1997; Link and Cosgrove, 1998) and xyloglucan
endotransglucosylase/hydrolases (Fry et al., 1992).
In addition to their structural roles, non-cellulosic cell wall
polysaccharides can also be major storage constituents in many
fruits and seeds (Buckeridge, 2010). In this respect their con-
tribution to sink strength may be analogous to that of starch.
Examples include the xyloglucans in endosperms of legumes such
as nasturtium (Tropaeolum majus; Edwards et al., 1985), the galac-
tomannans in seeds such as fenugreek (Trigonella foenum-graecum;
Reid and Meier, 1972; Reid et al., 1977), and the β-glucans and ara-
binoxylans that appear early in developing endosperms of wheat
and barley (Meier and Reid, 1982; Philippe et al., 2006). In the
starchy endosperm of barley, β-glucans represent 70% of wall
material at maturation (Fincher, 1975; Wilson et al., 2006), and
together with arabinoxylans [which comprise 85% of the aleu-
rone wall (McNeil et al., 1975)], provide 18.5% of the carbon
used by germinating embryos (Morrall and Briggs, 1978). The
sink strength of developing seeds, as well as their subsequent
germination, may also be aided by the water-holding features of
arabinoxylans [100 g H20 g−1 polymer (Izydorczyk and Biliaderis,
1995)]. This 100-to-1 ratio of water-to-polysaccharide (g/g) indi-
cates a capacity for arabinoxylans to aid handling of the excess
water entering sinks that have reached their full size and are no
longer transpiring (this can otherwise affect assimilate import;
Koch and Avigne, 1990; Huang et al., 1992; Zhang et al., 2007;
Turgeon, 2010).
Diversemolecular contributors to sink strength emerge in anal-
yses of different plant systems. Overall import of photosynthates
can be increased in a number of structures and species, for exam-
ple, by up-regulating genes for starch biosynthesis (Wang et al.,
2007; Baroja-Fernández et al., 2009; Li et al., 2011, 2013). Also, cell
cycle regulation can make important differences to sink strength,
as evidenced by overexpression of a D-type cyclin gene in develop-
ing seeds of Arabidopsis. Resulting seeds were larger, cell number
and size were greater, and growth was increased for both embryo
and endosperm (Collins et al., 2012).
Strong ﬂoral sinks are vital for establishment of the fruits
they will become. Rapid cell division and expansion are crit-
ically important to virtually all ﬂoral parts, and especially the
structures involved in pollination (Xu et al., 1996; Cosgrove, 2005;
Aoki et al., 2012; Reeves et al., 2012). Where showy petals are pro-
duced, INVs often determine blossom size and ﬂoral sink strength
(Gübitz et al., 2009). Nectary structures also vary markedly, but
again, involve genes for INV, vacuolar compartmentalization, and
secretory functions (Ge et al., 2000; Gübitz et al., 2009; Chen et al.,
2010). Pollination success inmaize requires an expansin- and INV-
mediated elongation of the ﬂoral silk (a stigmatic style), which is
one of the most rapidly elongating structures in the plant king-
dom (Xu et al., 1996; Cosgrove, 2005). Similar INV requirements
are evident for anthers of rice (Ruan et al., 2010). Expansion and
sink strength of pre-pollination ovaries also depend on INVs that
are sugar- and stress-sensitive determinants of later sink strength
(Xu et al., 1996; Andersen et al., 2002; Koch, 2004; Lizana et al.,
2010). Transgenic approaches to increase maize yields are also tar-
geting the enhancement of INV activity and/or starch biosynthesis
in ﬂorets (Tomes et al., 2011). These centrally important aspects
of expansion are also mediated by auxin, which is critical to the
earliest stages of sink strength development in ﬂowers (Barazesh
et al., 2009; Phillips et al., 2011; Reeves et al., 2012).
Expansion is also a prominent contributor to sink strength
of ﬂeshy fruit, regardless of whether a given fruit stores starch
or soluble sugars. The strongest sinks among young fruit typi-
cally have the highest INV activity, greatest respiration rate, and
most rapid cell division (Huang et al., 1992; Koch, 2004; Ruan
et al., 2012b). Central contributions have also been attributed
to sugar transporters (Zhang et al., 2007; Slewinski, 2011; Aoki
et al., 2012), and are suggested for SWEET-mediated efﬂux in
fruit (Baker et al., 2012; Braun, 2012). Roles of auxin and gib-
berellins parallel those noted above for ﬂoral sinks (Aoki et al.,
2012). Water handling becomes a key feature for those organs
importing sugars without transpiring or expanding [e.g., citrus
fruit during most of their development (Koch and Avigne, 1990;
Huang et al., 1992)], since excess phloem water can become a
problem for such sinks (Huang et al., 1992; Zhang et al., 2007;
Turgeon, 2010).
FEAST-OR-FAMINE SIGNALS AND FEED-FORWARD
ENHANCEMENT OF SINK STRENGTH
Sugar-responsiveness is a prominent feature of genes contributing
to sink strength of developing organs, and provides an important
mechanism for sink adjustment to source supplies (Koch, 1996;
Koch et al., 2000; Ramon et al., 2008; Ruan et al., 2010; Tiessen
and Padilla-Chacon, 2013; Xiong et al., 2013). Sink genes up-
regulated by sugars span the full spectrum of those involved in
sucrose import and use. They range from sucrose cleavage to
deposition of storage products (Li et al., 2002; Smidansky et al.,
2002; Ramon et al., 2008; Kang et al., 2010). Similar regulation
occurs at multiple levels from transcription (Koch, 1996, 2004; Li
et al., 2002; Ramon et al., 2008) to translation (Zeng et al., 1998),
and from mRNA longevity (Zeng et al., 1998; Koch, 2004; Huang
et al., 2007) to protein turnover (Koch, 1996, 2004; Huang et al.,
2007). Multiple paths of sugar signaling are also involved, such that
sucrose can be sensed differently from hexoses, and endogenous
metabolic ﬂux can be sensed differently than exogenous sugars
(Koch, 1996; Ruan et al., 2010; Tiessen and Padilla-Chacon, 2013).
The end result is a means by which strongest sinks can be max-
imally up-regulated through input from greatest photosynthate
supplies [The reversewould also allow a balanceddown-regulation
(Kang et al., 2010)].
Still further enhancement of sink strength can occur through
an INV-mediated, feed-forward process that increases hexose
production, and thus those sugar signals that arise from hexose-
based sensing (Koch, 1996, 2004; Huang et al., 2007; Ruan et al.,
2010; Tiessen and Padilla-Chacon, 2013). Multiple hexose-based
avenues of sugar signaling are known effectors of genes for the cell
cycle, hormone interaction, and others important to development
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of new sinks (Koch, 1996, 2004; Rolland et al., 2006; Ramon et al.,
2008; Kang et al., 2010; Ruan et al., 2010; MoghaddamandVan den
Ende, 2013). The same processmay also be involved in initiation of
new sinks through demonstrated interactions with phytochrome
sensing (Kang et al., 2010; Moghaddam and Van den Ende, 2013),
low oxygen signals (Koch et al., 2000; Koch, 2004), and hormonal
control of meristem fate (Francis and Halford, 2006). In develop-
ing seeds and fruits, a predominance of hexoses is often associated
with cell division and expansion, whereas elevated sucrose levels
coincide with differentiation and maturation (Koch and Avigne,
1990; Weber et al., 1997; Sabelli and Larkins, 2009; Ruan et al.,
2012b).
These changes are compatible with a “feast-or-famine” model
for adjustment of source–sink relations in plants (Koch, 1996;
Coruzzi and Bush, 2001; Mandadi et al., 2009), a framework
initially proposed for understanding sugar responses by multicel-
lular organisms (Koch, 1996). A highly conserved, ancient system
is involved, and in microorganisms it constitutes an essential
means of sensing and acclimating to the nutrient environment
(e.g., the lac operon and others; Yokoyama et al., 2006). Maximal
sink strength of plant organs will thus include “feast” genes that
respond to carbohydrate abundance and enhance its use. Simi-
larly, source capacity will increase when enhanced sink demands
for photosynthate reduce sugar levels in leaves and up-regulate
expression of “famine” genes for acquisition of the limited carbon
resources (e.g., de-repression of photosynthetic genes). Indirect
effects of enhanced sink strength therefore include higher rates
of photosynthesis in diverse systems due to release of feed-back
inhibition at a metabolic level and gene repression at a tran-
scriptional level (Koch, 1996, 2004; Ramon et al., 2008; Kang
et al., 2010). Greater overall productivity and yield is thus a
reasonable prediction for instances where sink strength can be
increased.
CONCLUDING REMARKS
Increased demand for food and energy security compels
researchers to investigate different avenues to improve plants to
meet our needs. Carbohydrates stored in non-photosynthetic sink
organs are vital to humans as food, feed, fuel, and for other indus-
trial uses; therefore, understanding the functions of the molecular
drivers of sink strength is essential to enhance the capability of sink
organs to import photoassimilates. Some of the sucrose trans-
port pathways and important players for carbohydrate storage
and utilization have been identiﬁed. However, future research
should focus on examining and understanding the exact roles of
different sugar transporters, metabolic control of carbohydrate
storage in sinks, sugar signaling regulating sink strength, and
long-distance communication coordinating carbohydrate parti-
tioning between sink and source tissues. For example, it is not
clear how sucrose transporters, such as SWEETs, contribute to
sink strength. Furthermore, it remains to be shown whether their
genetic manipulation will enhance the delivery of photoassimi-
lates to grains, seeds, and fruits for food, or, in the case of sweet
sorghum and sugarcane, to stems for biofuel production. Detailed
genetic, biochemical, and physiological analyses, in addition to
molecular and genomic investigations, will facilitate the identiﬁ-
cation and characterization of novel players involved in deﬁning
sink strength, and will provide a deeper knowledge of how plants
regulate whole-plant carbohydrate partitioning.
ACKNOWLEDGMENTS
This work was supported by the National Science Foundation
Plant Genome Research Program (grant no. IOS–1025976), and
theDepartment of Energy,Ofﬁce of Biological and Environmental
Research (grant no. DE-SC0006810). We thank three anonymous
reviewers, Frank Baker, and Paula McSteen for comments that
improved the manuscript.
REFERENCES
Acreche, M. M., and Slafer, G. A.
(2006). Grain weight response to
increases in number of grains in
wheat in a Mediterranean area. Field
Crops Res. 98, 52–59. doi: 10.1016/
j.fcr.2005.12.005
Ainsworth, E. A., and Bush, D. R.
(2011). Carbohydrate export from
the leaf: a highly regulated process
and target to enhance photosynthesis
and productivity. Plant Physiol. 155,
64–69. doi: 10.1104/pp.110.167684
Aitken, K. S., Hermann, S., Karno, K.,
Bonnett, G. D., McIntyre, L. C., and
Jackson, P. A. (2008). Genetic control
of yield related stalk traits in sugar-
cane. Theor. Appl. Genet. 117, 1191–
1203. doi: 10.1007/s00122-008-0856-
6
Ali, M. L., Rajewski, J. F., Baenziger,
P. S., Gill, K. S., Eskridge, K. M.,
and Dweikat, I. (2008). Assessment
of genetic diversity and relation-
ship among a collection of US sweet
sorghum germplasm by SSR mark-
ers. Mol. Breed. 21, 497–509. doi:
10.1007/s11032-007-9149-z
Almodares, A., and Hadi, M. R. (2009).
Production of bioethanol from sweet
sorghum: a review. Afr. J. Agric. Res.
4, 772–780.
Almodares, A., Taheri, R., and Adeli,
S. (2008). Stalk yield and carbohy-
drate composition of sweet Sorghum
(Sorghum bicolor (L.) Moench) cul-
tivars and lines at different growth
stages. Malays. Appl. Biol. 37, 31–36.
Andersen, C. P. (2003). Source–sink
balance and carbon allocation below
ground in plants exposed to ozone.
New Phytol. 157, 213–228. doi:
10.1046/j.1469-8137.2003.00674.x
Andersen, M. N., Asch, F., Wu,
Y., Jensen, C. R., Naested, H.,
Mogensen, V. O., et al. (2002). Sol-
uble invertase expression is an early
target of drought stress during the
critical, abortion-sensitive phase of
young ovary development in maize.
Plant Physiol. 130, 591–604. doi:
10.1104/pp.005637
Aoki, N., Hirose, T., and Furbank, R. T.
(2012). “Sucrose transport in higher
plants: from source to sink,” in Pho-
tosynthesis: Plastid Biology, Energy
Conversion, and Carbon Assimilation,
Advances in Photosynthesis and Respi-
ration, eds J. J. Eaton-Rye, B. C. Tri-
pathy, and T. D. Sharkey (Dordecht:
Springer), 703–729.
Aoki, N., Hirose, T., Takahashi, S.,
Ono, K., Ishimaru, K., and Ohsugi,
R. (1999). Molecular cloning and
expression analysis of a gene for a
sucrose transporter in maize (Zea
mays L.). Plant Cell Physiol. 40,
1072–1078. doi: 10.1093/oxfordjour-
nals.pcp.a029489
Aranjuelo, I., Cabrera-Bosquet, L.,Mor-
cuende, R., Avice, J. C., Nogués, S.,
Araus, J. L., et al. (2011). Does ear
C sink strength contribute to over-
coming photosynthetic acclimation
of wheat plants exposed to elevated
CO2? J. Exp. Bot. 62, 3957–3969. doi:
10.1093/jxb/err095
Artschwager, E. (1948). Anatomy and
morphology of the vegetative organs
of Sorghum vulgare. US Department
of Agriculture, Washington, D.C.,
Technical Bulletin No. 957.
Ayre, B. G. (2011). Membrane-
transport systems for sucrose in
relation to whole-plant carbon par-
titioning. Mol. Plant 4, 377–394. doi:
10.1093/mp/ssr014
Baker, R. F., Leach, K. A., and Braun,
D. M. (2012). SWEET as sugar: new
sucrose efﬂuxers in plants. Mol. Plant
5, 766–768. doi: 10.1093/mp/SSS054
Barazesh, S., Nowbakht, C., and
McSteen, P. (2009). sparse inﬂores-
cence1, barren inﬂorescence1 and
barren stalk1 promote cell elonga-
tion in maize inﬂorescence develop-
ment. Genetics 182, 403–406. doi:
10.1534/genetics.108.099390
Baroja-Fernández, E., Muñoz, F. J.,
Montero, M., Etxeberria, E., Sesma,
M. T., Ovecka, M., et al. (2009).
Enhancing sucrose synthase activ-
ity in transgenic potato (Solanum
tuberosum L.) tubers results in
increased levels of starch, ADPglu-
cose and UDPglucose and total yield.
Plant Cell Physiol. 50, 1651–1662. doi:
10.1093/pcp/pcp108
Basnayake, S. W. V., Morgan, T. C., Wu,
L., and Birch, R. G. (2012). Field
performance of transgenic sugarcane
expressing isomaltulose synthase.
Frontiers in Plant Science | Plant Physiology June 2013 | Volume 4 | Article 177 | 10
“fpls-04-00177” — 2013/6/2 — 13:45 — page 11 — #11
Bihmidine et al. Molecular drivers of sink strength
Plant Biotechnol. J. 10, 217–225. doi:
10.1111/j.1467-7652.2011.00655.x
Batta, S. K., and Singh, R. (1986).
Sucrose metabolism in sugarcane
grown under varying climatic con-
ditions: synthesis and storage of
sucrose in relation to the activi-
ties of sucrose synthase, sucrose-
phosphate synthase and invertase.
Phytochemistry 25, 2431–2437. doi:
10.1016/S0031-9422(00)84484-2
Boisnard-Lorig, C., Colon-Carmona,
A., Bauch, M., Hodge, S., Doerner,
P., Bancharel, E., et al. (2001).
Dynamic analyses of the expression
of the HISTONE::YFP fusion pro-
tein in Arabidopsis show that syncy-
tial endosperm is divided in mitotic
domains. Plant Cell 13, 495–509.
Borrás, L., Slafer, G. A., and Otegui,
M. E. (2004). Seed dry weight
response to source–sink manipula-
tions in wheat, maize and soybean:
a quantitative reappraisal. Field Crops
Res. 86, 131–146.
Botha, F. C., and Black, K. G.
(2000). Sucrose phosphate synthase
and sucrose synthase activity dur-
ing maturation of internodal tissue
in sugarcane. Funct. Plant Biol. 27,
81–85. doi: 10.1071/PP99098
Braun,D.M. (2012). SWEET!The path-
way is complete. Science 335, 173–
174. doi: 10.1126/science.1216828
Braun, D. M., and Slewinski, T.
L. (2009). Genetic control of car-
bon partitioning in grasses: roles of
sucrose transporters and tie-dyed loci
in phloem loading. Plant Physiol. 149,
71–81. doi: 10.1104/pp.108.129049
Buckeridge, M. S. (2010). Seed cell
wall storage polysaccharides: mod-
els to understand cell wall biosyn-
thesis and degradation. Plant Phys-
iol. 154, 1017–1023. doi: 10.1104/
pp.110.158642
Calviño, M., and Messing, J. (2012).
Sweet sorghum as a model system for
bioenergy crops. Curr. Opin. Biotech-
nol. 23, 323–329. doi: 10.1016/
j.copbio.2011.12.002
Calviño, M., Miclaus, M., Bruggmann,
R., and Messing, J. (2009). Molecu-
lar markers for sweet sorghum based
on microarray expression data. Rice
2, 129–142.
Chen, L.-Q., Hou, B.-H., Lalonde, S.,
Takanaga, H., Hartung, M. L., Qu,
X.-Q., et al. (2010). Sugar trans-
porters for intercellular exchange and
nutrition of pathogens. Nature 468,
527–532. doi: 10.1038/nature09606
Chen, L. Q., Qu, X. Q., Hou, B. H.,
Sosso, D., Osorio, S., Fernie, A. R.,
et al. (2012). Sucrose efﬂux mediated
by SWEET proteins as a key step for
phloem transport. Science 335, 207–
211. doi: 10.1126/science.1213351
Chu, Z., Yuan, M., Yao, J., Ge, X.,
Yuan, B., Xu, C., et al. (2006).
Promoter mutations of an essential
gene for pollen development result
in disease resistance in rice. Genes
Dev. 20, 1250–1255. doi: 10.1101/
gad.1416306
Collins, C., Dewitte, W., and Murray,
J. A. (2012). D-type cyclins con-
trol cell division and developmental
rate during Arabidopsis seed develop-
ment. J. Exp. Bot. 63, 3571–3586. doi:
10.1093/jxb/ers015
Coruzzi, G., and Bush, D. R.
(2001). Nitrogen and carbonnutrient
and metabolite signaling in plants.
Plant Physiol. 125, 61–64. doi:
10.1104/pp.125.1.61
Cosgrove, D. J. (2005). Growth of
the plant cell wall. Nat. Rev. Mol.
Cell Biol. 6, 850–861. doi: 10.1038/
nrm1746
Creech, R. G. (1965). Genetic control
of carbohydrate synthesis in maize
endosperm. Genetics 52, 1175.
Creste, S., Accoroni, K. G., Pinto,
L., Vencovsky, R., Gimenes, M.,
Xavier,M., et al. (2010). Genetic vari-
ability among sugarcane genotypes
based on polymorphisms in sucrose
metabolism and drought tolerance
genes. Euphytica 172, 435–446. doi:
10.1007/s10681-009-0078-2
Echeverría, E. (2000). Vesicle-mediated
solute transport between the vacuole
and the plasma membrane. Plant
Physiol. 123, 1217–1226.
Edwards, M., Dea, I. M., Bulpin, P.,
and Reid, J. S. G. (1985). Xyloglucan
(amyloid) mobilisation in the cotyle-
dons of Tropaeolum majus L. seeds
following germination. Planta 163,
133–140. doi: 10.1007/BF00395907
Eom, J.-S., Cho, J.-I., Reinders, A.,
Lee, S.-W., Yoo, Y., Tuan, P. Q.,
et al. (2011). Impaired function of
the tonoplast-localized sucrose trans-
porter in rice, OsSUT2, limits the
transport of vacuolar reserve sucrose
and affects plant growth. Plant Phys-
iol. 157, 109–119. doi: 10.1104/
pp.111.176982
Faix, B., Radchuk, V., Nerlich, A.,
Hümmer, C., Radchuk, R., Emery,
R., et al. (2012). Barley grains,
deﬁcient in cytosolic small sub-
unit of ADP-glucose pyrophospho-
rylase, reveal coordinate adjust-
ment of C:N metabolism medi-
ated by an overlapping metabolic-
hormonal control. Plant J. 69, 1077–
1093. doi: 10.1111/j.1365-313X.2011.
04857.x
Felker, F. C., and Shannon, J. C.
(1980). Movement of 14C-labeled
assimilates into kernels of Zea mays
L: III. An anatomical examination
and microautoradiographic study of
assimilate transfer. Plant Physiol. 65,
864–870. doi: 10.1104/pp.65.5.864
Fincher, G. B. (1975). Morphology
and chemical composition of barley
endosperm cell walls. J. Inst. Brew.
81, 116–112. doi: 10.1002/j.2050-
0416.1975.tb03672.x
Fleming, A. J., McQueen-Mason,
S., Mandel, T., and Kuhlemeier,
C. (1997). Induction of leaf pri-
mordia by the cell wall protein
expansin. Science 276, 1415–1418.
doi: 10.1126/science.276.5317.1415
Francis, D., and Halford, N. G. (2006).
Nutrient sensing in plant meristems.
Plant Mol. Biol. 60, 981–993. doi:
10.1007/s11103-005-5749-3
Fry, S., Smith, R., Renwick, K., Mar-
tin, D., Hodge, S., and Matthews, K.
(1992). Xyloglucan endotransglyco-
sylase, a new wall-loosening enzyme
activity from plants. Biochem. J.
282, 821.
Fu, F.-F., and Xue, H.-W. (2010).
Coexpression analysis identiﬁes Rice
Starch Regulator1, a rice AP2/EREBP
family transcription factor, as a novel
rice starch biosynthesis regulator.
Plant Physiol. 154, 927–938. doi:
10.1104/pp.110.159517
Ge, Y.-X., Angenent, G. C., Wittich,
P. E., Peters, J., Franken, J., Buss-
cher, M., et al. (2000). NEC1, a
novel gene, highly expressed in nec-
tary tissue of Petunia hybrida. Plant
J. 24, 725–734. doi: 10.1046/j.1365-
313x.2000.00926.x
Gifford, R. M., and Evans, L. (1981).
Photosynthesis, carbon parti-
tioning, and yield. Annu. Rev.
Plant Physiol. 32, 485–509. doi:
10.1146/annurev.pp.32.060181.002413
Glassop, D., Roessner, U., Bacic, A.,
and Bonnett, G. D. (2007). Changes
in the sugarcane metabolome with
stem development. Are they related
to sucrose accumulation? Plant
Cell Physiol. 48, 573–584. doi:
10.1093/pcp/pcm027
Grafahrend-Belau, E., Schreiber, F.,
Koschützki, D., and Junker, B. H.
(2009). Flux balance analysis of bar-
ley seeds: a computational approach
to study systemic properties of central
metabolism. Plant Physiol. 149, 585–
598. doi: 10.1104/pp.108.129635
Grof, C. P. L., Albertson, P. L., Bursle,
J., Perroux, J. M., Bonnett, G.
D., and Manners, J. M. (2007).
Sucrose-phosphate synthase, a bio-
chemical marker of high sucrose
accumulation in sugarcane. Crop Sci.
47, 1530–1539. doi: 10.2135/crop-
sci2006.12.0825
Grof, C. P. L., So, C. T. E., Perroux,
J. M., Bonnett, G. D., and Forrester,
R. I. (2006). The ﬁve families of
sucrose-phosphate synthase genes in
Saccharum spp. are differentially
expressed in leaves and stem. Funct.
Plant Biol. 33, 605–610. doi:
10.1071/FP05283
Gübitz, T., Hoballah, M. E., Dell’Olivo,
A., and Kuhlemeier, C. (2009).
“Petunia as a model system for the
genetics and evolution of pollina-
tion syndromes,” in Petunia, Evolu-
tionary, Developmental and Physio-
logical Genetics, eds T. Gerats and
J. Strommer (New York: Springer),
29–49.
Hammer, G. L., Dong, Z., McLean, G.,
Doherty, A. I., Messina, C., Schus-
sler, J., et al. (2009). Can changes
in canopy and/or root system archi-
tecture explain historical maize yield
trends in the U.S. Corn belt? Crop
Sci. 49, 299–312. doi: 10.2135/crop-
sci2008.03.0152
Hands, P., Kourmpetli, S., Sharples,
D., Harris, R. G., and Drea, S.
(2012). Analysis of grain characters
in temperate grasses reveals distinc-
tive patterns of endosperm organi-
zation associated with grain shape.
J. Exp. Bot. 63, 6253–6266. doi:
10.1093/jxb/ers281
Hennen-Bierwagen, T. A., and Myers,
A. M. (2013). “Genomic speciﬁca-
tion of starch biosynthesis in maize
endosperm,” in Seed Genomics, ed
P.W. Becraft (Ames: John Wiley and
Sons, Inc.), 123–137.
Herbers, K., and Sonnewald, U.
(1998). Molecular determinants of
sink strength. Curr. Opin. Plant
Biol. 1, 207–216. doi: 10.1016/S1369-
5266(98)80106-4
Ho, L. C. (1988). Metabolism and
compartmentation of imported sug-
ars in sink organs in relation to sink
strength. Annu. Rev. Plant Phys-
iol. Plant Mol. Biol. 39, 355–378.
doi: 10.1146/annurev.pp.39.060188.
002035
Hoffmann-Thoma, G., Hinkel, K.,
Nicolay, P., and Willenbrink, J.
(1996). Sucrose accumulation in
sweet sorghum stem internodes in
relation to growth. Physiol. Plant.
97, 277–284. doi: 10.1034/j.1399-
3054.1996.970210.x
Huang, L.-F., Bocock, P. N., Davis, J.
M., and Koch, K. E. (2007). Regu-
lation of invertase: a ‘suite’ of tran-
scriptional and post-transcriptional
mechanisms. Funct. Plant Biol. 34,
499–507. doi: 10.1071/FP06227
Huang, T., Darnell, R., and Koch, K.
(1992). Water and carbon budgets of
developing citrus fruit. J. Am. Soc.
Hortic. Sci. 117, 287–293.
Huber, S. C., and Akazawa, T.
(1986). A novel sucrose syn-
thase pathway for sucrose degra-
dation in cultured sycamore cells.
www.frontiersin.org June 2013 | Volume 4 | Article 177 | 11
“fpls-04-00177” — 2013/6/2 — 13:45 — page 12 — #12
Bihmidine et al. Molecular drivers of sink strength
Plant Physiol. 81, 1008–1013. doi:
10.1104/pp.81.4.1008
Im,K. H. (2004). Expression of sucrose-
phosphate synthase (SPS) in non-
photosynthetic tissues of maize. Mol.
Cells 17, 404–409.
Izydorczyk, M. S., and Biliaderis, C.
G. (1995). Cereal arabinoxylans:
advances in structure and physic-
ochemical properties. Carbohydr.
Polym. 28, 33–48. doi: 10.1016/0144-
8617(95)00077-1
Kaiser, G., and Heber, U. (1984).
Sucrose transport into vacuoles iso-
lated from barley mesophyll proto-
plasts. Planta 161, 562–568. doi:
10.1007/BF00407090
Kang, J., and Turano, F. J. (2003).
The putative glutamate receptor 1.1
(AtGLR1.1) functions as a regulator
of carbon and nitrogen metabolism
in Arabidopsis thaliana. Proc. Natl.
Acad. Sci. U.S.A. 100, 6872–6877. doi:
10.1073/pnas.1030961100
Kang, S. G., Price, J., Lin, P.-C., Hong,
J. C., and Jang, J.-C. (2010). The
Arabidopsis bZIP1 transcription fac-
tor is involved in sugar signaling,
protein networking, and DNA bind-
ing. Mol. Plant 3, 361–373. doi:
10.1093/mp/ssp115
Keeling, P. L., and Myers, A. M.
(2010). Biochemistry and genet-
ics of starch synthesis. Annu. Rev.
Food Sci. Technol. 1, 271–303.
doi: 10.1146/annurev.food.102308.
124214
Koch, K. E. (1996). Carbohydrate-
modulated gene expression in plants.
Annu. Rev. Plant Physiol. Plant Mol.
Biol. 47, 509–540. doi: 10.1146/
annurev.arplant.47.1.509
Koch, K. E. (1997). “Molecular crosstalk
and the regulation of C-and N-
responsive genes,” in A Molecular
Approach to Primary Metabolism in
Higher Plants, eds C. Foyer and P.
Quick (London: Taylor and Francis,
Inc.), 105–124.
Koch,K. E. (2004). Sucrosemetabolism:
regulatory mechanisms and pivotal
roles in sugar sensing and plant
development. Curr. Opin. Plant
Biol. 7, 235–246. doi: 10.1016/j.pbi.
2004.03.014
Koch, K. E., and Avigne, W.
T. (1990). Postphloem, nonvas-
cular transfer in citrus: kinetics,
metabolism, and sugar gradients.
Plant Physiol. 93, 1405–1416. doi:
10.1104/pp.93.4.1405
Koch, K. E.,Ying, Z.,Wu,Y., andAvigne,
W. T. (2000). Multiple paths of sugar-
sensing and a sugar/oxygen overlap
for genes of sucrose and ethanol
metabolism. J. Exp. Bot. 51, 417–
427. doi: 10.1093/jexbot/51.suppl_
1.417
Kühn, C., and Grof, C. (2010). Sucrose
transporters of higher plants. Curr.
Opin. Plant Biol. 13, 1–11. doi:
10.1016/j.pbi.2010.02.001
Lalonde, S., Wipf, D., and Frommer, W.
B. (2004). Transport mechanisms for
organic forms of carbon and nitro-
gen between source and sink. Annu.
Rev. Plant Biol. 55, 341–372. doi:
10.1146/annurev.arplant.55.031903.
141758
Leggewie, G., Kolbe, A., Lemoine,
R., Roessner, U., Lytovchenko, A.,
Zuther, E., et al. (2003). Overex-
pression of the sucrose transporter
SoSUT1 in potato results in alter-
ations in leaf carbon partitioning and
in tuber metabolism but has little
impact on tuber morphology. Planta
217, 158–167.
Li, J., Baroja-Fernández, E., Bahaji, A.,
Muñoz, F. J., Ovecka, M., Mon-
tero, M., et al. (2013). Enhancing
sucrose synthase activity results in
increased levels of starch and ADP-
glucose in maize (Zea mays L.) seed
endosperms. Plant Cell Physiol. 54,
282–294.
Li, N., Zhang, S., Zhao, Y., Li, B., and
Zhang, J. (2011). Over-expression of
AGPase genes enhances seed weight
and starch content in transgenic
maize. Planta 233, 241–250. doi:
10.1007/s00425-010-1296-5
Li, T., Liu, B., Spalding, M. H., Weeks,
D. P., and Yang, B. (2012). High-
efﬁciency TALEN-based gene edit-
ing produces disease-resistant rice.
Nat. Biotechnol. 30, 390–392. doi:
10.1038/nbt.2199
Li, X., Xing, J., Gianfagna, T. J., and
Janes, H. W. (2002). Sucrose regu-
lation of ADP-glucose pyrophospho-
rylase subunit genes transcript lev-
els in leaves and fruits. Plant Sci.
162, 239–244. doi: 10.1016/S0168-
9452(01)00565-9
Lingle, S. (1989). Evidence for the
uptake of sucrose intact into sugar-
cane internodes. Plant Physiol. 90,
6–8. doi: 10.1104/pp.90.1.6
Lingle, S. E. (1999). Sugar metabolism
during growth and development
in sugarcane internodes. Crop Sci.
39, 480–486. doi: 10.2135/crop-
sci1999.0011183X0039000200030x
Link, B. M., and Cosgrove, D. J.
(1998). Acid-growth response and
α-expansins in suspension cultures
of bright yellow 2 tobacco. Plant
Physiol. 118, 907–916. doi: 10.1104/
pp.118.3.907
Liu, Y.-J., Xiu, Z.-H., Meeley, R.,
and Tan, B.-C. (2013). Empty peri-
carp5 encodes a pentatricopeptide
repeat protein that is required for
mitochondrial RNA editing and seed
development in maize. Plant Cell
25, 868–883. doi: 10.1105/tpc.112.
106781
Lizana, X. C., Riegel, R., Gomez, L.
D., Herrera, J., Isla, A., McQueen-
Mason, S. J., et al. (2010). Expansins
expression is associated with grain
size dynamics in wheat (Triticum aes-
tivum L.). J. Exp. Bot. 61, 1147–1157.
doi: 10.1093/jxb/erp380
Lunn, J. E., and MacRae, E. (2003).
New complexities in the synthesis
of sucrose. Curr. Opin. Plant Biol.
6, 208–214. doi: 10.1016/S1369-
5266(03)00033-5
Ma, Y., Baker, R. F., Magallanes-
Lundback, M., DellaPenna, D., and
Braun, D. M. (2008). Tie-dyed1 and
sucrose export defective1 act inde-
pendently to promote carbohydrate
export from maize leaves. Planta 227,
527–538. doi: 10.1007/s00425-007-
0636-6
Manavski, N., Guyon, V., Meurer,
J., Wienand, U., and Brettschnei-
der, R. (2012). An essential pentatri-
copeptide repeat protein facilitates 5′
maturation and translation initiation
of rps3 mRNA in maize mitochon-
dria. Plant Cell 24, 3087–3105. doi:
10.1105/tpc.112.099051
Mancini, M. C., Leite, D. C., Perecin,
D., Bidóia, M. A. P., Xavier, M.
A., Landell, M. G. A., et al. (2012).
Characterization of the genetic vari-
ability of a sugarcane commercial
cross through yield components and
quality parameters. Sugar Tech 14,
119–125.
Mandadi, K. K., Misra, A., Ren,
S., and McKnight, T. D. (2009).
BT2, a BTB protein, mediates mul-
tiple responses to nutrients, stresses,
and hormones in Arabidopsis. Plant
Physiol. 150, 1930–1939. doi:
10.1104/pp.109.139220
Marcelis, L. F. (1996). Sink strength
as a determinant of dry matter par-
titioning in the whole plant. J.
Exp. Bot. 47, 1281–1291. doi:
10.1093/jxb/47.Special_Issue.1281
McCormick, A. J., Cramer, M. D., and
Watt, D. A. (2006). Sink strength
regulates photosynthesis in sugar-
cane. New Phytol. 171, 759–770. doi:
10.1111/j.1469-8137.2006.01785.x
McCormick, A. J., Watt, D. A., and
Cramer, M. D. (2009). Supply and
demand: sink regulation of sugar
accumulation in sugarcane. J. Exp.
Bot. 60, 357–364. doi: 10.1093/
jxb/ern310
McNeil, M., Albersheim, P., Taiz, L., and
Jones, R. L. (1975). The structure of
plant cell walls: VII. Barley aleurone
cells. Plant Physiol. 55, 64–68. doi:
10.1104/pp.55.1.64
Méchin, V., Balliau, T., Château-
Joubert, S., Davanture, M., Langella,
O., Négroni, L., et al. (2004). A
two-dimensional proteome map of
maize endosperm. Phytochemistry 65,
1609–1618.
Meier, H., and Reid, J. S. G. (1982).
“Reserve polysaccharides other than
starch in higher plants,” in Plant Car-
bohydrates I, eds F. A. Loewus and W.
Tanner (Berlin: Springer), 418–471.
doi: 10.1007/978-3-642-68275-9_11
Merwe, M., Groenewald, J.-H., Stitt,
M., Kossmann, J., and Botha,
F. (2010). Downregulation of
pyrophosphate: D-fructose-6-phos-
phate 1-phosphotransferase activ-
ity in sugarcane culms enhances
sucrose accumulation due to ele-
vated hexose-phosphate levels.
Planta 231, 595–608. doi: 10.1007/
s00425-009-1069-1
Moghaddam, M. R. B., and Van
den Ende, W. (2013). Sugars,
the clock and transition to ﬂow-
ering. Front. Plant Sci. 4:22. doi:
10.3389/fpls.2013.00022
Moore, P., and Cosgrove, D. (1991).
Developmental changes in cell and
tissue water relations parameters
in storage parenchyma of sugar-
cane. Plant Physiol. 96, 794. doi:
10.1104/pp.96.3.794
Morrall, P., and Briggs, D. E. (1978).
Changes in cell wall polysaccha-
rides of germinating barley grains.
Phytochemistry 17, 1495–1502. doi:
10.1016/S0031-9422(00)94628-4
Mudge, S., Osabe, K., Casu, R., Bonnett,
G., Manners, J., and Birch, R. (2009).
Efﬁcient silencing of reporter trans-
genes coupled to known functional
promoters in sugarcane, a highly
polyploid crop species. Planta 229,
549–558. doi: 10.1007/s00425-008-
0852-8
Murray, S. C., Rooney, W. L.,
Hamblin, M. T., Mitchell, S.
E., and Kresovich, S. (2009).
Sweet sorghum genetic diversity and
association mapping for brix and
height. Plant Genome 2, 48–62.
doi: 10.3835/plantgenome2008.10.
0011
Murray, S. C., Rooney, W. L., Mitchell,
S. E., Sharma, A., Klein, P. E., Mul-
let, J. E., et al. (2008a). Genetic
improvement of sorghum as a biofuel
feedstock: II. QTL for stem and leaf
structural carbohydrates. Crop Sci.
48, 2180–2193. doi: 10.2135/crop-
sci2008.01.0068
Murray, S. C., Sharma, A., Rooney,
W. L., Klein, P. E., Mullet, J. E.,
Mitchell, S. E., et al. (2008b). Genetic
improvement of sorghum as a bio-
fuel feedstock: I. QTL for stem sugar
and grain nonstructural carbohy-
drates. Crop Sci. 48, 2165–2179. doi:
10.2135/cropsci2008.01.0016
Frontiers in Plant Science | Plant Physiology June 2013 | Volume 4 | Article 177 | 12
“fpls-04-00177” — 2013/6/2 — 13:45 — page 13 — #13
Bihmidine et al. Molecular drivers of sink strength
Nguyen-Quoc, B., N’Tchobo, H.,
Foyer, C. H., and Yelle, S. (1999).
Overexpression of sucrose phosphate
synthase increases sucrose unload-
ing in transformed tomato fruit.
J. Exp. Bot. 50, 785–791. doi:
10.1093/jxb/50.335.785
Niittyla, T., Fuglsang, A. T., Palm-
gren, M. G., Frommer, W. B., and
Schulze, W. X. (2007). Temporal
analysis of sucrose-induced phos-
phorylation changes in plasma mem-
brane proteins of Arabidopsis. Mol.
Cell. Proteomics 6, 1711–1726. doi:
10.1074/mcp.M700164-MCP200
Patrick, J. (1997). Phloem unload-
ing: sieve element unloading and
post-sieve element transport. Annu.
Rev. Plant Physiol. Plant Mol. Biol.
48, 191–222. doi: 10.1146/annurev.
arplant.48.1.191
Patrick, J. W., Botha, F. C., and Birch,
R. G. (2013). Metabolic engineering
of sugars and simple sugar deriva-
tives in plants. Plant Biotechnol. J. 11,
142–156. doi: 10.1111/pbi.12002
Pecina-Quintero, V., Anaya-López,
J. L., Zamarripa-Colmenero, A.,
Montes-García, N., Nuñez-Colín, C.,
Solis-Bonilla, J. L., et al. (2012).
Genetic diversity of sweet sorghum
germplasm in Mexico using AFLP
and SSR markers. Pesqui. Agropecu.
Bras. 47, 1095–1102.
Peng, Y., Li, C., and Fritschi, F.
B. (2012). Apoplastic infusion of
sucrose into stem internodes during
female ﬂowering does not increase
grain yield in maize plants grown
under nitrogen-limiting conditions.
Physiol. Plant. doi: 10.1111/j.1399-
3054.2012.01711.x [Epub ahead of
print].
Philippe, S., Saulnier, L., and Guil-
lon, F. (2006). Arabinoxylan and
(1→3),(1→4)-β-glucan deposition
in cell walls during wheat endosperm
development. Planta 224, 449–461.
doi: 10.1007/s00425-005-0209-5
Phillips, K. A., Skirpan, A. L., Liu,
X., Christensen, A., Slewinski, T. L.,
Hudson, C., et al. (2011). vanishing
tassel2 encodes a grass-speciﬁc tryp-
tophan aminotransferase required
for vegetative and reproductive devel-
opment in maize. Plant Cell 23, 550–
566. doi: 10.1105/tpc.110.075267
Price, M. B., Jelesko, J., and Oku-
moto, S. (2012). Glutamate receptor
homologs in plants: functions and
evolutionary origins. Front. Plant
Sci. 3:235. doi: 10.3389/fpls.2012.
00235
Qazi, H. A., Paranjpe, S., and Bhar-
gava, S. (2012). Stem sugar accumu-
lation in sweet sorghum–activity and
expression of sucrose metabolizing
enzymes and sucrose transporters.
J. Plant Physiol. 169, 605–613. doi:
10.1016/j.jplph.2012.01.005
Rae, A. L., Perroux, J. M., and Grof,
C. P. (2005). Sucrose partitioning
between vascular bundles and storage
parenchyma in the sugarcane stem: a
potential role for the ShSUT1 sucrose
transporter. Planta 220, 817–825.
doi: 10.1007/s00425-004-1399-y
Raines, C. A. (2011). Increasing pho-
tosynthetic carbon assimilation in
C3 plants to improve crop yield:
current and future strategies. Plant
Physiol. 155, 36–42. doi: 10.1104/
pp.110.168559
Ramon, M., Rolland, F., Sheen, J.,
Ramon, M., Rolland, F., and Sheen,
J. (2008). Sugar sensing and signal-
ing. Arabidopsis Book 6:e0117. doi:
10.1199/tab.0117
Ransom-Hodgkins, W., Vaughn, M.,
and Bush, D. (2003). Protein
phosphorylation plays a key role
in sucrose-mediated transcriptional
regulation of a phloem-speciﬁc
proton-sucrose symporter. Planta
217, 483–489. doi: 10.1007/s00425-
003-1011-x
Reddy, B., Ramesh, S., Reddy, P.,
Ramaih, B., Salimath, P., and Kacha-
par, R. (2005). Sweet sorghum –
a potential alternate raw mate-
rial for bio-ethanol and bio-energy.
Int. Sorghum Millets Newslett. 46,
79–86.
Reeves, P. H., Ellis, C. M., Ploense,
S. E., Wu, M.-F., Yadav, V., Tholl,
D., et al. (2012). A regulatory net-
work for coordinated ﬂower matu-
ration. PLoS Genet. 8:e1002506. doi:
10.1371/journal.pgen.1002506
Reid, J. S. G., Davies, C., and Meier,
H. (1977). Endo-β-mannanase, the
leguminous aleurone layer and the
storage galactomannan in germi-
nating seeds of Trigonella foenum-
graecum L. Planta 133, 219–222. doi:
10.1007/BF00380680
Reid, J. S. G., and Meier, H.
(1972). The function of the aleurone
layer during galactomannan mobili-
sation in germinating seeds of fenu-
greek (Trigonella foenum-graecum
L.), crimson clover (Trifolium incar-
natum L.) and lucerne (Medicago
sativa L.): a correlative biochemical
and ultrastructural study. Planta 106,
44–60. doi: 10.1007/BF00385472
Rhoades, M., and Carvalho, A. (1944).
The function and structure of the
parenchyma sheath plastids of the
maize leaf. Bull. Torrey Bot. Club 71,
335–346. doi: 10.2307/2481307
Ritter, K., Jordan, D., Chapman, S.,
Godwin, I., Mace, E., and McIntyre,
L. C. (2008). Identiﬁcation of QTL
for sugar-related traits in a sweet x
grain sorghum (Sorghum bicolor L.
Moench) recombinant inbred popu-
lation. Mol. Breed. 22, 367–384. doi:
10.1007/s11032-008-9182-6
Rolland, F., Baena-Gonzalez, E., and
Sheen, J. (2006). Sugar sensing and
signaling in plants: conserved and
novel mechanisms. Annu. Rev. Plant
Biol. 57, 675–709. doi: 10.1146/
annurev.arplant.57.032905.105441
Rolletschek, H., Koch, K., Wobus,
U., and Borisjuk, L. (2005). Posi-
tional cues for the starch/lipid bal-
ance in maize kernels and resource
partitioning to the embryo. Plant
J. 42, 69–83. doi: 10.1111/j.1365-
313X.2005.02352.x
Rolletschek, H., Melkus, G.,
Grafahrend-Belau, E., Fuchs, J.,
Heinzel, N., Schreiber, F., et al.
(2011). Combined noninvasive
imaging and modeling approaches
reveal metabolic compartmenta-
tion in the barley endosperm. Plant
Cell 23, 3041–3054. doi: 10.1105/
tpc.111.087015
Rooney, W. L., Blumenthal, J., Bean,
B., and Mullet, J. E. (2007). Design-
ing sorghum as a dedicated bioenergy
feedstock. Biofuels Bioprod. Bioreﬁn.
1, 147–157. doi: 10.1002/bbb.15
Rossouw, D., Kossmann, J., Botha, F. C.,
and Groenewald, J. (2010). Reduced
neutral invertase activity in the culm
tissues of transgenic sugarcane plants
results in a decrease in respiration and
sucrose cycling and an increase in the
sucrose to hexose ratio. Funct. Plant
Biol. 37, 22–31. doi: 10.1071/FP08210
Ruan, Y.-L., Jin, Y., Yang, Y.-J., Li, G.-
J., and Boyer, J. S. (2010). Sugar
input, metabolism, and signaling
mediated by invertase: roles in devel-
opment, yield potential, and response
to drought and heat. Mol. Plant 3,
942–955. doi: 10.1093/mp/ssq044
Ruan, C.-J., Shao, H.-B., and Teix-
eira da Silva, J. A. (2012a). A crit-
ical review on the improvement of
photosynthetic carbon assimilation
in C3 plants using genetic engineer-
ing. Crit. Rev. Biotechnol. 32, 1–21.
doi: 10.3109/07388551.2010.533119
Ruan,Y.-L., Patrick, J.W., Bouzayen,M.,
Osorio, S., and Fernie, A. R. (2012b).
Molecular regulationof seed and fruit
set.Trends Plant Sci. 17, 656–665. doi:
10.1016/j.tplants.2012.06.005
Sabelli, P. A., and Larkins, B. A. (2009).
The development of endosperm in
grasses. Plant Physiol. 149, 14–26.
doi: 10.1104/pp.108.129437
Sakamoto, T., Morinaka, Y., Ohnishi, T.,
Sunohara, H., Fujioka, S., Ueguchi-
Tanaka, M., et al. (2006). Erect leaves
caused by brassinosteroid deﬁciency
increase biomass production and
grain yield in rice. Nat. Biotechnol.
24, 105–109. doi: 10.1038/nbt1173
Sauer, N. (2007). Molecular physiol-
ogy of higher plant sucrose trans-
porters. FEBS Lett. 581, 2309–2317.
doi: 10.1016/j.febslet.2007.03.048
Schafer,W. E., Rohwer, J. M., and Botha,
F. C. (2004). Protein-level expression
and localization of sucrose synthase
in the sugarcane culm. Physiol. Plant.
121, 187–195. doi: 10.1111/j.0031-
9317.2004.00316.x
Schmalstig, J. G., and Hitz, W. D.
(1987). Transport and metabolism of
a sucrose analog (1′-ﬂuorosucrose)
into Zea mays L. endosperm without
invertase hydrolysis. Plant Physiol. 85,
902–905. doi: 10.1104/pp.85.4.902
Seebauer, J. R., Moose, S. P., Fab-
bri, B. J., Crossland, L. D.,
and Below, F. E. (2004). Amino
acid metabolism in maize earshoots.
Implications for assimilate precon-
ditioning and nitrogen signaling.
Plant Physiol. 136, 4326–4334. doi:
10.1104/pp.104.043778
Seebauer, J. R., Singletary, G. W.,
Krumpelman, P. M., Ruffo, M. L.,
and Below, F. E. (2010). Relationship
of source and sink in determining
kernel composition of maize. J. Exp.
Bot. 61, 511–519. doi: 10.1093/jxb/
erp324
Setter, T. L., and Parra, R. (2010). Rela-
tionship of carbohydrate and abscisic
acid levels to kernel set inmaize under
postpollination water deﬁcit. Crop
Sci. 50, 980–988. doi: 10.2135/crop-
sci2009.07.0391
Shannon, J. C. (1972). Movement of
14C-labeled assimilates into kernels
of Zea mays L. I. Pattern and rate of
sugar movement. Plant Physiol. 49,
198–202. doi: 10.1104/pp.49.2.198
Shannon, J. C., and Dougherty, C.
(1972). Movement of 14C-Labeled
assimilates into kernels of Zea mays
L. II. Invertase activity of the pedi-
cel and placento-chalazal tissues.
Plant Physiol. 49, 203–206. doi:
10.1104/pp.49.2.203
Sharma, S., Sreenivasulu, N., Har-
shavardhan, V., Seiler, C., Sharma,
S., Khalil, Z., et al. (2010). Delin-
eating the structural, functional and
evolutionary relationships of sucrose
phosphate synthase gene family II in
wheat and related grasses. BMC Plant
Biol. 10:134. doi: 10.1186/1471-2229-
10-134
Shen, B., Allen, W. B., Zheng, P., Li,
C., Glassman, K., Ranch, J., et al.
(2010). Expression of ZmLEC1 and
ZmWRI1 increases seed oil produc-
tion inmaize. Plant Physiol. 153, 980–
987. doi: 10.1104/pp.110.157537
Shevell, D. E., Kunkel, T., and Chua, N.-
H. (2000). Cell wall alterations in the
Arabidopsis emb30 mutant. Plant Cell
12, 2047–2059.
www.frontiersin.org June 2013 | Volume 4 | Article 177 | 13
“fpls-04-00177” — 2013/6/2 — 13:45 — page 14 — #14
Bihmidine et al. Molecular drivers of sink strength
Singletary, G. W., Doehlert, D. C., Wil-
son, C.M.,Muhitch,M. J., and Below,
F. E. (1990). Responseof enzymes and
storage proteins of maize endosperm
to nitrogen supply. Plant Physiol.
94, 858–864. doi: 10.1104/pp.94.
3.858
Slewinski, T. L. (2011). Diverse
functional roles of monosaccharide
transporters and their homologs in
vascular plants: a physiological per-
spective. Mol. Plant 4, 641–662. doi:
10.1093/mp/ssr051
Slewinski, T. L. (2012). Non-structural
carbohydrate partitioning in grass
stems: a target to increase yield stabil-
ity, stress tolerance, and biofuel pro-
duction. J. Exp. Bot. 63, 4647–4670.
doi: 10.1093/jxb/ers124
Slewinski, T. L., and Braun, D.
M. (2010). Current perspectives on
the regulation of whole-plant car-
bohydrate partitioning. Plant Sci.
178, 341–349. doi: 10.1016/j.plantsci.
2010.01.010
Slewinski, T. L., Garg, A., Johal, G.
S., and Braun, D. M. (2010). Maize
SUT1 functions in phloem loading.
Plant Signal. Behav. 5, 687–690. doi:
10.4161/psb.5.6.11575
Slewinski, T. L., Ma, Y., Baker, R. F.,
Huang, M., Meeley, R., and Braun, D.
M. (2008). Determining the role of
Tie-dyed1 in starch metabolism:
epistasis analysis with a maize
ADP-glucose pyrophosphorylase
mutant lacking leaf starch. J. Hered.
99, 661–666. doi: 10.1093/jhered/
esn062
Slewinski, T. L., Meeley, R., and Braun,
D. M. (2009). Sucrose transporter1
functions in phloem loading in maize
leaves. J. Exp. Bot. 60, 881–892. doi:
10.1093/jxb/ern335
Smidansky, E. D., Clancy, M.,
Meyer, F. D., Lanning, S. P.,
Blake, N. K., Talbert, L. E.,
et al. (2002). Enhanced ADP-glucose
pyrophosphorylase activity in wheat
endosperm increases seed yield. Proc.
Natl. Acad. Sci. U.S.A. 99, 1724–1729.
doi: 10.1073/pnas.022635299
Smith, A. M., and Stitt, M. (2007).
Coordination of carbon supply and
plant growth. Plant Cell Environ.
30, 1126–1149. doi: 10.1111/j.1365-
3040.2007.01708.x
Tai, P. Y. P., and Miller, J. D. (2002).
Germplasm diversity among four
sugarcane species for sugar compo-
sition. Crop Sci. 42, 958–964. doi:
10.2135/cropsci2002.0958
Tang, A.-C., and Boyer, J. S. (2013).
Differences in membrane selectiv-
ity drive phloem transport to the
apoplast from which maize ﬂorets
develop. Ann. Bot. 111, 551–562. doi:
10.1093/aob/mct1012
Tarpley, L., Vietor, D., and Miller,
F. (1994). Internodal com-
partmentation of stem-infused
[14C]sucrose in sweet and grain
sorghum. Crop Sci. 34, 1116–1120.
doi: 10.2135/cropsci1994.0011183X
003400040052x
Tarpley, L., and Vietor, D. M. (2007).
Compartmentation of sucrose dur-
ing radial transfer inmature sorghum
culm. BMC Plant Biol. 7:33. doi:
10.1186/1471-2229-7-33
Tarpley, L., Vietor, D. M., and Miller,
F. R. (1996). Metabolism of sucrose
during storage in intact sorghum
stalk. Int. J. Plant Sci. 157, 159–163.
doi: 10.1086/297334
Tiessen, A., and Padilla-Chacon, D.
(2013). Subcellular compartmen-
tation of sugar signalling: links
among carbon cellular status, route
of sucrolysis, sink-source allocation,
and metabolic partitioning. Front.
Plant Sci. 3:306. doi: 10.3389/
fpls.2012.00306
Tomes, D. T., Zinselmeier, C., and
Habben, J. E. (2011). Enhanced Floral
Sink Strength and Increased Stabil-
ity of Seed Set in Plants. U.S. Patent
Application 8,026,411.
Turgeon, R. (2006). Phloem loading:
how leaves gain their indepen-
dence. BioScience 56, 15–24. doi:
10.1641/0006-3568(2006)056[0015:
PLHLGT]2.0.CO;2
Turgeon, R. (2010). The puzzle
of phloem pressure. Plant Phys-
iol. 154, 578–581. doi: 10.1104/
pp.110.161679
Uribelarrea,M., Below, F. E., andMoose,
S. P. (2004). Grain composition and
productivity of maize hybrids derived
from the illinois protein strains in
response to variable nitrogen sup-
ply. Crop Sci. 44, 1593–1600. doi:
10.2135/cropsci2004.1593
Vargas, W. A., and Salerno, G. L.
(2010). The Cinderella story of
sucrose hydrolysis: alkaline/neutral
invertases, from cyanobacteria to
unforeseen roles in plant cytosol and
organelles. Plant Sci. 178, 1–8. doi:
10.1016/j.plantsci.2009.09.015
Vickers, J. E., Grof, C. P. L., Bonnett,
G. D., Jackson, P. A., and Morgan,
T. E. (2005). Effects of tissue cul-
ture, biolistic transformation, and
introduction of PPO and SPS gene
constructs on performance of sug-
arcane clones in the ﬁeld. Aust. J.
Agric. Res. 56, 57–68. doi: 10.1071/
AR04159
Vilhar, B., Kladnik, A., Blejec, A.,
Chourey, P. S., and Dermastia, M.
(2002). Cytometrical evidence that
the loss of seed weight in the
miniature1 seed mutant of maize
is associated with reduced mitotic
activity in the developing endosperm.
Plant Physiol. 129, 23–30. doi:
10.1104/pp.001826
Waclawovsky, A. J., Sato, P. M., Lem-
bke, C. G., Moore, P. H., and Souza,
G. M. (2010). Sugarcane for bioen-
ergy production: an assessment of
yield and regulation of sucrose con-
tent. Plant Biotechnol. J. 8, 263–
276. doi: 10.1111/j.1467-7652.2009.
00491.x
Walsh, K. B., Sky, R. C., and Brown, S.
M. (2005). The anatomy of the path-
way of sucrose unloading within the
sugarcane stalk. Funct. Plant Biol. 32,
367–374. doi: 10.1071/FP04102
Wang, G., Sun, X., Wang, G., Wang,
F., Gao, Q., Sun, X., et al. (2011).
Opaque7 encodes an acyl-activating
enzyme-like protein that affects stor-
age protein synthesis in maize
endosperm. Genetics 189, 1281–
1295. doi: 10.1534/genetics.111.
133967
Wang, Z., Chen,X.,Wang, J., Liu, T., Liu,
Y., Zhao, L., et al. (2007). Increasing
maize seed weight by enhancing the
cytoplasmic ADP-glucose pyrophos-
phorylase activity in transgenicmaize
plants. Plant Cell Tissue Organ Cult.
88, 83–92. doi: 10.1007/s11240-006-
9173-4
Weber, H., Borisjuk, L., and Wobus,
U. (1997). Sugar import and
metabolism during seed develop-
ment. Trends Plant Sci. 2, 169–
174. doi: 10.1016/S1360-1385(97)
85222-3
Welbaum, G., Meinzer, F., Grayson, R.,
and Thornham, K. (1992). Evidence
for the consequences of a barrier to
solute diffusion between the apoplast
and vascular bundles in sugarcane
stalk tissue. Funct. Plant Biol. 19,
611–623.
Welbaum, G. E., and Meinzer, F. C.
(1990). Compartmentationof solutes
and water in developing sugarcane
stalk tissue. Plant Physiol. 93, 1147–
1153. doi: 10.1104/pp.93.3.1147
Wilson, S., Burton, R., Doblin,
M., Stone, B., Newbigin, E.,
Fincher, G., et al. (2006). Tempo-
ral and spatial appearance of wall
polysaccharides during cellulariza-
tion of barley (Hordeum vulgare)
endosperm. Planta 224, 655–667.
doi: 10.1007/s00425-006-0244-x
Wiltshire, J. J. J., andCobb,A.H. (1996).
A review of the physiology of potato
tuber dormancy. Ann. Appl. Biol.
129, 553–569. doi: 10.1111/j.1744-
7348.1996.tb05776.x
Wingenter, K., Schulz, A., Wormit,
A., Wic, S., Trentmann, O., Hoer-
miller, I. I., et al. (2010). Increased
activity of the vacuolar monosaccha-
ride transporter TMT1 alters cellular
sugar partitioning, sugar signal-
ing, and seed yield in Arabidopsis.
Plant Physiol. 154, 665–677. doi:
10.1104/pp.110.162040
Winter, H., and Huber, S. C. (2000).
Regulation of sucrose metabolism in
higher plants: localization and reg-
ulation of activity of key enzymes.
Crit. Rev. Plant Sci. 19, 31–68. doi:
10.1016/S0735-2689(01)80002-2
Wu, L., and Birch, R. G. (2007).
Doubled sugar content in sugar-
cane plants modiﬁed to produce a
sucrose isomer. Plant Biotechnol. J.
5, 109–117. doi: 10.1111/j.1467-7652.
2006.00224.x
Wu, L., and Birch, R. G. (2010). Phys-
iological basis for enhanced sucrose
accumulation in an engineered sug-
arcane cell line. Funct. Plant Biol. 37,
1161–1174. doi: 10.1071/FP10055
Xiong, Y., Li, Q.-B., Kang, B.-H.,
and Chourey, P. (2011). Discov-
ery of genes expressed in basal
endosperm transfer cells in maize
using 454 transcriptome sequencing.
PlantMol. Biol. Rep. 29, 835–847. doi:
10.1007/s11105-011-0291-8
Xiong, Y., McCormack, M., Li, L.,
Hall, Q., Xiang, C., and Sheen,
J. (2013). Glucose-TOR signalling
reprograms the transcriptome and
activates meristems. Nature 496,
181–186. doi: 10.1038/nature12030
Xu, J., Avigne, W. T., McCarty, D.
R., and Koch, K. E. (1996). A sim-
ilar dichotomy of sugar modulation
and developmental expression affects
both paths of sucrose metabolism:
evidence from a maize invertase
gene family. Plant Cell 8, 1209–
1220.
Yang, B., Sugio, A., and White,
F. F. (2006). Os8N3 is a host
disease-susceptibility gene for bacte-
rial blight of rice. Proc. Natl. Acad.
Sci. U.S.A. 103, 10503–10508. doi:
10.1073/pnas.0604088103
Yang, X., Guo,Y.,Yan, J., Zhang, J., Song,
T., Rocheford, T., et al. (2010). Major
and minor QTL and epistasis con-
tribute to fatty acid compositions and
oil concentration in high-oil maize.
Theor. Appl. Genet. 120, 665–678. doi:
10.1007/s00122-009-1184-1
Yokoyama, K., Ishijima, S. A., Clowney,
L., Koike, H., Aramaki, H., Tanaka,
C., et al. (2006). Feast/famine regula-
toryproteins (FFRPs): Escherichia coli
Lrp, AsnC and related archaeal tran-
scription factors. FEMS Microbiol.
Rev. 30, 89–108. doi: 10.1111/j.1574-
6976.2005.00005.x
Yuan, M., and Wang, S. (2013). Rice
MtN3/saliva family genes and their
homologues in cellular organisms.
Mol. Plant doi: 10.1093/mp/sst1035
[Epub ahead of print].
Frontiers in Plant Science | Plant Physiology June 2013 | Volume 4 | Article 177 | 14
“fpls-04-00177” — 2013/6/2 — 13:45 — page 15 — #15
Bihmidine et al. Molecular drivers of sink strength
Zeng, Y., Wu, Y., Avigne, W. T.,
and Koch, K. E. (1998). Differential
regulation of sugar-sensitive sucrose
synthases by hypoxia and anoxia indi-
cate complementary transcriptional
and posttranscriptional responses.
Plant Physiol. 116, 1573–1583. doi:
10.1104/pp.116.4.1573
Zhang, W.-H., Zhou, Y., Dibley, K.
E., Tyerman, S. D., Furbank, R. T.,
and Patrick, J. W. (2007). Nutri-
ent loading of developing seeds.
Funct. Plant Biol. 34, 314–331. doi:
10.1071/FP06271
Zheng, H. J., Wu, A. Z., Zheng, C.
C., Wang, Y. F., Cai, R., Shen, X. F.,
et al. (2009). QTL mapping of maize
(Zea mays) stay-green traits and their
relationship to yield. Plant Breed.
128, 54–62. doi: 10.1111/j.1439-
0523.2008.01529.x
Zhu, X. G., Long, S. P., and Ort,
D. R. (2010). Improving photosyn-
thetic efﬁciency for greater yield.
Annu. Rev. Plant Biol. 61, 235–
261. doi: 10.1146/annurev-arplant-
042809-112206
Zhu, Y. J., Komor, E., and Moore, P.
H. (1997). Sucrose accumulation in
the sugarcane stem is regulated by
the difference between the activities
of soluble acid invertase and sucrose
phosphate synthase. Plant Physiol.
115, 609–616.
Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or ﬁnancial relationships that
could be construed as a potential con-
ﬂict of interest.
Received: 16 April 2013; accepted: 17
May 2013; published online: 04 June
2013.
Citation: Bihmidine S, Hunter CT III,
JohnsCE,KochKEandBraunDM(2013)
Regulation of assimilate import into sink
organs: update on molecular drivers of
sink strength. Front. Plant Sci. 4:177. doi:
10.3389/fpls.2013.00177
This article was submitted to Frontiers in
Plant Physiology, a specialty of Frontiers
in Plant Science.
Copyright © 2013 Bihmidine, Hunter,
Johns, Koch and Braun. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License, which permits use, distribution
and reproduction in other forums, pro-
vided the original authors and source
are credited and subject to any copy-
right notices concerning any third-party
graphics etc.
www.frontiersin.org June 2013 | Volume 4 | Article 177 | 15
